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ii 
The o b j e c t i v e  of t h i s  program was t o  i d e n t i f y  and demonst ra te  t h e  a b i l i t y  o f  
c o a t i n g s  t o  p r o v i d e  a t  l e a s t  a 2 X  improvement i n  p a r t i c u l a t e  e r o s i o n  
r e s i s t a n c e  for s t e e l  (AMs  5616),  n i c k e l  ( I n c o l o y  901) and t i t a n i u m  (AMS 4928) 
a l l o y  compressor  a i r f o i l s .  The c o a t i n g s  c o n s i s t e d  o f  plasma sprayed c o b a l t  
t u n g s t e n  c a r b i d e  and n i c k e l  ( t u n g s t e n ,  t i t a n i u m )  c a r b i d e  on a l l  t h r e e  a l l o y s .  
D i f f u s i o n  a p p l i e d  chromium p l u s  boron c o a t i n g  was e v a l u a t e d  on I n c o l o y  901. 
A l l  c o a t i n g s  were a p p l i e d  t o  a t h i c k n e s s  o f  25 t o  63 m i c r o n s  ( 1  t o  2 . 5  m i l s ) .  
I n i t i a l  p rogram t a s k s  were d i r e c t e d  towards t h e  e v a l u t i o n  o f  p r o c e s s i n g  
p a r a m e t e r s .  For p lasma s p r a y  p r o c e s s i n g ,  t h e  parameters  c o n s i s t e d  o f  s p r a y  
equ ipment ,  powder s i z e ,  powder compos i t ion ,  sur face  p r e p a r a t i o n ,  5 u s b s t r a t e  
c o a t i n g  t e m p e r a t u r e  and p o s t  c o a t i n g  heat  t r e a t m e n t .  D i f f u s i o n  c o a t i n g  
parameters  e v a l u a t e d  were pack composi t i o n ,  p r o c e s s i n g  tempera ture  and t i m e ,  
s u r f a c e  p r e p a r a t i o n ,  masking t e c h n i q u e s  and p o s t  c o a t i n g  h e a t  t r e a t m e n t .  The 
c o a t i n g s  were m e t a l l o g r a p h i c a l l y  examined f o r  c o a t i n g  u n i f o r m i t y ,  d e n s i t y ,  
homogene i ty ,  o x i d e  c o n t e n t  and c o n d i t i o n  o f  t h e  s u b s t r a t e  i n t e r f a c e .  T h i s  
e x a m i n a t i o n  was used as a p r e l i m i n a r y  screen ing  t e c h n i q u e  to i d e n t i f y  t h e  
c o a t i n g  s y s t e m s  h a v i n g  t h e  most p o t e n t i a l  f o r  p r o v i d i n g  a i r f o i l  erosion 
r e s i s t a n c e .  
The i n i t i a l  c % t i n g s  s e l e c t e d  for  l a b o r a t o r y  e r o s i o n  and specimen h i g h  c y c l e  
f a t i g u e  (HC;' t e s t s  der-e p r e d o m i n a n t l y  plasma s p r a y  m a t e r i a l s .  E r o s i m  t e s t s  
were per fo r  lied ,n c a n e ' s  a t  2 0 ° ,  4 5 " ,  and 90" a b r a s i v e  impingement ang les  
u s i n g  an 8 . 8 .  N n l t e  A b r a s i v e  U n i t .  Aluminum o x i d e ,  27p normal s i z e ,  
a c c e l e r a t e d  t o  speeds g r e a t e r  t h a n  0.3 Km/sec (1000 f t / s e c )  was used as t h e  
e r o d e n t  m a t e r i a l .  I t  was a s c e r t a i n e d  t h a t  p lasma s p r a y  c o a t i n g s  c h a r a c t e r i z e d  
by  h i g h  c o n c e n t r a t i o n s  o f  d i s c r e t e  carb ides  were t h e  most e r o s i o n  r e s i s t a n t  
p lasma sprayed m a t e r i a l s .  The h i g h e s t  l e v e l  o f  e r o s i o n  r e s i s t a n c e  f o r  a l l  
c o a t i n g s  was o b t a i n e d  a t  s h a l l o w  impingement a n g l e s .  Panel specimen HCF t e s t s  
showed t h a t  t h e  c o a t i n g s  had 1 )  a maximum 3C% HCF d e b i t  on AMS 5616 2 )  no 
e f f e c t  o n  I n c o l o y  901 and 3 )  an approx imate 60% d e b i t  on AMS 4928 
An a n a l y t i c a l  e v a l u a t i o n  was per fo rmed on JT8D and JT9D h i g h  compressor 
a i r f o i l s  t o  d e t e r m i n e  wh ich  a i r f o i l  r e g i o n s  c o u l d  be coated  w i t h o u t  
compromis ing component f a t i g u e  s t r e n g t h .  Based upon t h i s  a n a l y s i s  and c o a t i n g  
a p p l i c a t i o n  t e c h n i q u e s ,  i t  was d e c i d e d  t o  c o a t  t h e  o u t e r  50% o f  t h e  a i r f o i l  on  
two s t a g e s  each o f  AMS 5616, I n c o l o y  901 and AMS 4928 compressor b l a d e s .  
Based o n  l a b o r a t o r y  r e s u l t s  and a n a l y t i c a l  a n a l y s e s ,  c o a t i n g  systems were 
s e l e c t e d  for a d d i t i o n a l  e v a l u a t i o n  on engine components. T h i s  t e s t  pnase 
c o n s i s t e d  of d e v e l o p i n g  c o a t i n g  a p p l i c a t j o n  t e c h n i q u e s ,  e s t a b l i s h i n g  s u r f a c e  
smoothness c r i t e r i a ,  p e r f o r m i n g  b u r n e r  r : g  e r o s i o n  t e s t s  and HCF t e s t s .  T i e  
e r o s i o n  t e s t s  were p e r f o r m e d  a t  c m d i t i o n s  wn ich  s i m u l a t e d  a p a r t i c u l a r  e q g i n e  
ro to r  c o n d i t i o n .  From t h e s e  t e s t s ,  c o a t i n g s  iJere i d e n t i f i e d  f o r  a i l  a : r f o i l  
a l l o y s  w h i c h  met t h e  t a r g e t  o f  a 2 X  improvement i n  e r o s i o n  r e s i s t a n c ? .  A : r f ~ i ;  
HCF t e s t s  were used t o  c o n f i r m  t h e  r e s u l t s  o f  specimen t e s t s .  Based clpon t n e  
t e s t s  per formed,  t h e  f o l l o w i n g  c o a t i n g s  were  -ecommended fo r  subsequent eng i f ie  
t e s t i n g ;  Gator-Gard @ plasma s p r a y  88WC-'2Co (:n t i t a n i u m  a l l o y  a i r f o i  i s ,  
p lasma s p r a y  83WC-17Co o n  s t e e l  and n icKe l  a l l o y  a i r f o i l s ,  and Cr+B 3if';u;.cn 
c o a t i n g  on  n i c k e l  a l l o y  a i r f o i l s .  
1 
INTRODUCTION 
I n g e s t i o n  o f  d e b r i s  has been d e t e r m i n e d  t o  be t h e  m a j o r  cause o f  gas t u r b i n e  
compressor a i r f o i l  e r o s i o n .  I n  t h e  h i g h  compressor t h i s  e r o s i o n  has r e s u l t e d  
i n  a change i n  a i r f o i l  shape wh ich  reduced eng ine  per fo rmance.  Under NASA 
c o n t r a c t ,  NAS3-20632, Engine Component Improvement Program - JT9D Engine 
D i a g n o s t i c s ,  per fo rmance was q u a n t i f i e d  for t h e  JT9D commercial  a i r c r a f t  
e n g i n e  f l e e t  and i n d i c a t e d  t h a t  e r o s i o n  and a s s o c i a t e d  per fo rmance d e t e r i o r a -  
t i o n  o f  t h e  compressor was r e l a t e d  t o  e n g i n e  c y c l e s  r a t h e r  t h a n  e n g i n e  
o p e r a t i n g  hours.  E r o s i o n  was observed t o  i n c r e a s e  i n  s e v e r i t y  f o r  s h o r t  r o u t e s  
where f l i g h t  c y c l e s  r a t h e r  t h a n  f l i g h t  hours  were t h e  c o n t r o l l i n g  f a c t o r .  A s  a 
r e s u l t  o f  t h i s  f l e e t  wide prob lem,  o p e r a t i n g  c o s t s / h o u r  o f  f l i g h t  t i m e  have 
i ncreased for  a i  r l  i ne o p e r a t o r s .  
I n i t i a l  l a b o r a t o r y  and r i g  t e s t i n g  a t  t h e  M a t e r i a l s  E n g i n e e r i n g  and Research 
L a b o r a t o r y  o f  P r a t t  & Whi tney had p r e v i o u s l y  i n d i c a t e d  t h a t  t h e  use o f  p lasma 
a p p l i e d  c o a t i n g s  on  a i r f o i l s  c o u l d  p r o v i d e  a r e d u c t i o n  i n  e r o s i o n  from two to  
f o u r  t i m e s  as compared t o  c u r r e n t  b i l l - o f - m a t e r i a l  uncoated  a i r f o i l s .  Tungsten 
c a r b i d e - c o b a l t  c o a t i n g s ,  a p p l i e d  by  plasma s p r a y  t e c h n i q u e s  t o  a t h i c k n e s s  o f  
25 .4  microns ( 1  m i l ) ,  demonstrated t h e i r  e f f e c t i v e n e s s  i n  r e d u c i n g  e r o s i o n  o n  
b o t h  t i t a n i u m  and s t e e l  compressor a i r f o i l s .  A d d i t i o n a l  l a b o r a t o r y  t e s t i n g  
w i t h  e l e c t r o - d e p o s i t e d  t i t a n i u m  d i b o r i d e  i n d i c a t e d  a 1 O X  improvement i n  
e r o s i o n  r e s i s t a n c e  on s t e e l ;  however, c o a t e d  s t e e l  compressor b l a d e s  i n  a JT8D 
e n g i n e  s e r v i c e  e v a l u a t i o n  program r e v e a l e d  t h a t  t h i s  c o a t i n g  s u f f e r e d  from 
l e a d i n g  edge c h i p p i n g  which l i m i t e d  i t s  u s e f u l n e s s .  The l e a d i n g  edge c h i p p i n g  
was a l s o  observed i n  l a b o r a t o r y  t e s t s .  R i g  t e s t i n g  of plasma s p r a y  c o a t e d  
compressor b l a d e s  i n d i c a t e d  t h a t  t h e s e  c o a t i n g  systems d i d  n o t  undergo t h e  
l e a d i n g  edge damage t h a t  has p r e v e n t e d  t h e  use o f  t i t a n i u m  d i b o r i d e  c o a t i n g s .  
I n  a d d i t i o n  t o  plasma c o a t i n g s ,  t h e  use o f  d i f f u s i o n  c o a t i n g s  on  n i c k e l  a l l o y  
compressor b l a d e s  becomes v e r y  a t t r a c t i v e  s i n c e  t h e r e  i s  a s t r o n g  t e c h n o l o g y  
base i n  d i f f u s i o n  c o a t i n g  t e c h n o l o g y  f o r  n i c k e l  base t u r b i n e  a i r f o i l s .  
P r e v i o u s  l i m i t e d  t e s t i n g  had i n d i c a t e d  d i f f u s i o n  c o a t i n g s  were c a p a b l e  o f  
p r o v i d i n g  e r o s i o n  r e s i s t a n c e .  Thus, plasma and d i f f u s i o n  c o a t i n g s  were t h e  
p r i m a r y  apporaches c o n s i d e r e d  t o  a l l e v i a t e  e r o s i o n  induced compressor 
per formance d e t e r i o r a t i o n  w h i l e  c a p i t a l i z i n g  on a l a r g e  i n d u s t r y  base t o  
p r o v i d e  low cost c o a t i n g s .  
Under t h i s  program, l a b o r a t o r y  e v a l u a t i o n ,  r i g . a n d  e n g i n e  e r o s i o n  t e s t  e f f e c t s  
were conducted on  s e v e r a l  plasma and d i f f u s i o n  c o a t i n g  systems a p p l i e d  t o  
t h r e e  compressor a i r f o i l  a l l o y  systems. The l a b o r a t o r y  program i n c l u d e d  
c o n t r o l l e d  e r o s i o n  t e s t s ,  m i c r o s t r u c t u r a l  and chemical  ana lyses  of t h e  
c o a t i n g s .  4 f a t i g u e  t e s t  program was i n c l u d e d  t o  i n s u r e  adequate f a t i g u e  
s t r e n g t h  f o r  t h e  coated  a i r f o i l s .  S u r f a c e  f i n i s h i n g  techn iques  were e v a l u a t e d  
t o  d e f i n e  techn iques  which would p r o v i d e d  smooth, a e r o d y n a m i c a l l y  e f f i c i e n t  
c o a t i n g  sur faces.  F i n a l l y ,  an eng ine  t e s t  d e m o n s t r a t i o n  of  coa ted  s t e e l ,  
n i c k e l  and t i t a n i u m  a l l o y  a i r f o i l s  was performed t o  c o n f i r m  c o a t i n g  b e n e f i t s  
i n  t h e  complex s t r e s s  env i ronment  o f  a h i g h  by-pass r a t i o  gas t u r b i n e  e n g i n e .  
2 
TECHNICAL APPROACH 
L a b o r a t o r y  and r i g  t e s t i n g  has shown t h a t  coa ted  a i r f o i l s  have t h e  p o t e n t i z l  
of  p r o v i d i n g  two t o  f o u r  t imes  improvement i n  e r o s i o n  r e s i s t a n c e  as compared 
t o  b i l l - o f - m a t e r i a l  uncoated  a i r f o i l s .  Plasma a p p l i e d  c o a t i n g s  have been 
e v a l u a t e d  q u i t e  e x t e n s i v e l y  and l i m i t e d  exper ience has been o b t a i n e d  w i t h  
d i f f u s i o n  c o a t i n g s ,  p a r t i c u l a r l y  on s t e e l  and n i c k e l  a l l o y s .  To p r o p e r l y  
e v a l u a t e  t h e  m a t e r i a l ,  p r o c e s s i n g ,  des ign and o p e r a t i n g  c h a r a c t e r i s t i c s  o f  
e r o s i o n  r e s i s t a n t  c o a t i n g s ,  a seven t a s k  approach was used f o r  t h e  s e l e c t i o n ,  
p rocess  d e f i n i t i o n ,  l a b o r a t o r y  e v a l u a t i o n ,  des ign  e v a l u a t i o n ,  c o a t i n g  
o p t i m i z a t i o n  and f a b r i c a t i o n ,  and eng ine  t e s t  o f  c a n d i d a t e  c o a t i n g s .  
The goa l  o f  t h i s  approach was t o  demonstrate c o a t i n g s  capab le  o f  i m p r o v i n g  t h e  
e r o s i o n  r e s i s t a n c e  of s t e e l  (AMS 5616>,  n i c k e l  ( I n c o l o y  901) and t i t a n i u m  (AMS 
4928) a l l o y  compressor a i r f o i l s  by  a t  l e a s t  a f a c t o r  o f  two. To m e e t  t h e  
o b j e c t i v e s  of t h e  program, t h e  f o l l o w i n g  t a s k s  w e r e  per fo rmed.  
o Task I - C o a t i n g  Sys tems  S e l e c t i o n  - A v a i l a b l e  e r o s i o n  r e s i s t a n t  
c o a t i n g  s y s t e m s  w e r e  r e v i e w e d  t o  s e l e c t  plasma and d i f f u s i o n  c o a t i n g s  
for  use on s t e e l  (AMS 5616>,  n i c k e l  ( I n c o l o y  901) and t i t a n i u m  (AMS 
4928) a l l o y s .  
o Task I 1  - C o a t i n g  Comparison and Process Parameter D e f i n i t i o n  - Plasma 
( c o m p o s i t i o n  a n d / o r  p rocess  v a r i a b l e s )  and d i f f u s i o n  c o a t i n g  parameters  
w e r e  i n v e s t i g a t e d  t o  d e f i n e  t h e  l i m i t s  fo r  a p p l y i n g  t h e  c o a t i n g s  
s e l e c t e d  i n  Task I t o  l a b o r a t o r y  specimens. These parameters w e r e  
e v a l u a t e d  by m i c r o s t r u c t u r a l  and v i s u a l  c h a r a c t e r i z a t i o n s .  
o Task I11 - L a b o r a t o r y  E v a l u a t i o n  o f  Coat ings  - Plasma and d i f f u s i o n  
c o a t i n g s  a p p l i e d  t o  s t e e l ,  n i c k e l  and t i t a n i u m  a l l o y s  were  more c l o s e  
e v a l u a t e d  for  e r o s i o n  r e s i s t a n c e ,  m i c r o s t r u c t u r e  and compos i t i on .  
C o a t i n g / a l l o y  c o m b i n a t i o n s ,  a long  w i t h  uncoated b a s e l i n e  specimens we 
h i g h  c y c l e  f a t i g u e  t e s t e d .  
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o Task I V  - Des ign  A n a l y s i s  and Component/Coating Systems S e l e c t i o n  - 
S t e e l ,  n i c k e l  and t i t a n i u m  a l l o y  compressor b l a d e  des igns  were s e l e c t e d  
t o  demonst ra te  t h e  e f f e c t i v e n e s s  of t h e  e r o s i o n  r e s i s t a n t  c o a t i n g s .  The 
e f f e c t  o f  t h e  c o a t i n g  on t h e  f a t i g u e  s t r e n g t h  of t h e  b lade  was 
c o n s i d e r e d .  D e t a i l e d  a n a l y s e s  w e r e  conducted t o  l o c a t e  the  c o a t i n g  i n  
t h e  a r e a  o f  maximum e r o s i o n  and t o  a v o i d  c o a t i n g  s e c t i o n s  o f  a i r f o i l s  
s e n s i t i v e  to  f a t i g u e .  
o Task V - A i r f o i l  C o a t i n g  O p t i m i z a t i o n  - C o a t i n g  p r o c e s s  parameters ,  
masking and p o s t - c o a t i n g  hea t  t rea tmen t ,  w e r e  o p t i m i z e d  f o r  a p p l i c a t i o n  
o f  t h e  recommended c o a t i n g s .  Pos t -coat  f i n i s h i n g  t e c h n i q u e s  were 
deve loped t o  produce a 20-30AA a i r f o i l  s u r f a c e  f i n i s h .  
o Task V I  - Component F a b r i c a t i o n  and T e s t  - Based on t h e  processes 
deve loped i n  Task V,  compressor a i r fo i l s  of each a l l o y  were  coated  f o r  
component t e s t i n g .  R i g  e r o s i o n  and h i g h  c y c l e  f a t i g u e  t e s t s  w e r e  
per fo rmed and, based on t h e  r e s u l t s ,  one c o a t i n g  per  a l l o y  was s e l e c t e d  
for  f u r t h e r  e v a l u a t i o n .  
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o Task V I 1  - Engine T e s t i n g  - JT8D and JT9D ground based e n g i n e  t e s t s  
w e r e  per fo rmed t o  e v a l u a t e  coa ted  s t e e l  and t i t a n i u m  a l l o y  a i r f o i l s  and 
e v a l u a t e  coated  n i c k e l  and t i t a n i u m  a l l o y  a i r f o i l s ,  r e s p e c t i v e l y .  Bo th  
engines w e r e  s u b j e c t e d  t o  a c y c l i c  endurance t e s t  w i t h  a t a r g e t  
d u r a t i o n  o f  150 h o u r s .  
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TECH N I CA L PROGRAM 
TASK I - COATING SYSTEM SELECTION 
C a n d i d a t e  c o a t i n g s  for s t e e l ,  n i c k e l  and t i t a n i u m  base compressor a i r f o i  1 
a l l o y s  were s e l e c t e d  based on  t h e  f o l l o w i n g  f a c t o r s :  e a r l i e r  e x p e r i e n c e  i n  t h e  
i n d u s t r y ,  demonst ra ted  a n d / o r  p o t e n t i a l  e r o s i o n  r e s i s t a n c e  and p r o d u c i b i l i t y .  
Plasma and d i f f u s i o n  a p p l i e d  c o a t i n g s  were p r i m e  c a n d i d a t e s  s i n c e  a l a r g e  
m u l t i p l e  source  p r o d u c t i o n  base was a v a i l a b l e  for  each o f  these c o a t i n g  
systems.  The c o a t i n g  systems w e r e  t h e n  assessed a c c o r d i n g  t o  t h e  f o l l o w i n g  
f a c t o r s  : 
o M a t e r i a l  e r o s i o n  r e s i s t a n c e  
o C o m p a t i b i l i t y  w i t h  compressor a i r f o i l  m a t e r i a l  
o Ease o f  c o a t i n g  a p p l i c a t i o n  
0 c o s t  
o P o t e n t i a l  o f  a c h i e v i n g  a 2 X  improvement i n  a i r f o i l  l i f e  compared t o  t h e  
o C o s t l b e n e f i t s  as r e l a t e d  to  engine a p p l i c a t i o n .  
uncoated  c o n d i t i o n  
The f o l l o w i n g  c o a t i n g s  were s e l e c t e d  f o r  e v a l u a t i o n  i n  Task 11: 
( a )  Plasma a p p l i e d  c o a t i n g s  f o r  s t e e l ,  n i c k e l  and t i t a n i u m  a l l o y s  
( 1  ) c o b a l  t tungs  t e n  c a r b i d e  
( 2 )  n i c k e l  ( t u n g s t e n ,  t i t a n i u m )  c a r b i d e  
( b )  D i f f u s i o n  c o a t i n g s  f o r  s t e e l  and n i c k e l  a l l o y s  
( 1 )  chromium-boron 
( 2 )  t i  tan ium-boron 
( c >  D i f f u s i o n  c o a t i n g s  f o r  t i t a n i u m  a l l o y s  
( 1 )  chemica l  vapor  d e p o s i t e d  t i t a n i u m  d i b o r i d e  (TiB,)  
( 2 )  n i t r i d e  
TASK I1 - COATING COMPOSITION AND PLASMA PARAMETER D E F I N I T I O N  
C o a t i n g  p r o c e s s i n g  parameters  were v a r i e d  f o r  b o t h  plasma s p r a y  and d i f f u s i o n  
a p p l i e d  c o a t i n g s  so t h a t  a thorough comparison c o u l d  be made between 
p r o c e s s i n g  v a r i a b l e s ,  c o a t i n g  m i c r o s t r u c t u r e  morphology ana e r o s i o n  
per fo rmance on AMS 5616, I n c o l o y  901 and AMS 4928 s u b s t r a t e s .  Flow c h a r t s  
d e p i c t i n g  plasma s p r a y  ( F i g u r e s  1 and 2 )  and d i f f u s i o n  c o a t i n g  ( F i g u r e  3 )  
process  v a r i a n t s  f o r  Task I 1  a r e  descr ibed i n  more d e t a i l  be low.  
( A >  PLASMA SPRAY COATING D E F I N I T I O N  ON ALL ALLOYS 
( 1 )  C o a t i n g  Equipment 
Four sources  were u t i l i z e d  t o  e v a l u a t e  the e f f e c t  of c o a t i n g  equipment on 
c o a t i n g  m i c r o s t r u c t u r e :  P r a t t  & Whi tney,  The L i n d e  D i v i s i o n  of Un ion  C a r b i d e  
Corp. ,  Metco I n c ,  and U n i t e d  Technologies Meta l  P r o d u c t s ,  I n c  ( p r e s e n t l y  owned 
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SUBSTRATE 1 TE: 1 
ASM 4928 
F i g u r e  2 A d d i t i o n a l  Plasma Spray C o a t i n g  Process Sc reen ing  
9 
AMS 5616, INCOLOY 90 
PACK BORONIZE 0 
TREATMENT 
Source 
P r a t t  & Whitney 
pkijmfi TREAT TREAT 
F i g u r e  3 D i f f u s i o n  C o a t i n g  Process Screen ing  
Equi pment 
Plasmadyne S G l O O  spray  gun, a h i g h  e n e r g y l h i g h  
v e l o c i t y  thermal  spray  system. 
L i n d e  D i v .  o f  Union Carb ide  P r o p r i e t a r y  D e t o n a t i o n  Gun System (D-Gun).  
Metco,  I n c  Performed i n  a i r  w i t h  Metco 7M h i g h  e n e r g y l h i g h  
v e l o c i t y  system and i n  reduced atmosphere w i t h  
low pressu re  plasma spray u n i t .  
U n i t e d  Technologies M e t a l  
P roduc ts  D i v i s i o n  
P r o p r i e t a r y  Gator-Gard system. 
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( 2 )  S u b s t r a t e  and Powder Compos i t ion  
Compos i t i ons  of t h e  a l l o y s  which were coated, as w e l l  as plasma sp ray  powder 
s p e c i f i c a t i o n s  a r e  l i s t e d  i n  Tables I and 11. 
TABLE I 
ALLOY SUBSTRATE COMPOSITIONS 
A l loy D e s i g n a t i o n  
AMS 4928 
AMS 5616 
I n c o l o y  901 
Powder 
AMS 7879 (coa rse )  
AMS 7879 ( f i n e )  
Metco 73F-NS-1 
UCAR 205 
Powders examined w 
morpho log ies  wh ich  
r e s i s t a n c e  ( F i g u r e  
powders were as f o  
AMS 7879 
( coa r  se ) 
AMS 7879 
( f i n e )  
Metco 73F-NS-1 
UCAR 205 
Compos i t ion ,  Weight % 
T i  -6Al-4V 
Fe-13Cr-3W-2Ni-0.17C 
Ni-34Fe-12.5Cr-6.OMo-2.7Ti-O.lC-O.Ol5B 
TABLE I 1  
PLASMA POWDER COMPOSITION 
Chemical Compos i t ion ,  Weight % 
N i  T i  -Fe -A1 --C - - co w 
14 .5  80.5 3.9 0.06 0 . 0 4  0 . 7  - 
13.2 80.0 4 . 2  0.07 0 . 0 4  1 .7  - 
20.0  73.9 5.0 0 .03  0.02 0 .18  - 
0.1 53.6 1 . 9  16.2 0.01 - 20.2 
t h  t h e  scann ing  e l e c t r o n  mic roscope r e v e a l e d  v a r i o u s  powder 
4). The appearance and x - ray  d i f f r a c t i o n  a n a l y s i s  o f  t h e  
lows:  
when sprayed, were expected t o  i n f l u e n c e  e r o s i o n  






1 %  Co ( c u b i c )  
90% wc 
10% Co ( c u b i c )  
50-65% Tic  
35% n i c k e l  s o l i d  s o l u t i o n ,  
N i  .C 
1-2% wc 
Appearance 
a n g u l a r  p a r t i c l e s  w i t h  a 
m u l t i f a c e t e d  s u r f a c e  s t r u c t u r e  
a n g u l a r  p a r t i c l e s  w i t h  an 
i r r e g u l a r  s u r f a c e  s t r u c t u r e  
compos i te  aggregate ,  compr ised 
o f  i n d i v i d u a l  powder p a r t i c l e s  
a n g u l a r  p a r t i c l e s  w i t h  a 
g r a n u l a r  sur face  s t r u c t u r e  
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( 3 )  Powder S i z e  
P a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  powders i s  p r e s e n t e d  i n  F i g u r e  5 and 
Appendix  A .  The s u b s i e v e  t e c h n i q u e ,  u s i n g  a Leeds & N o r t h r u p  M i c r o t r a c T M  
a n a l y z e r ,  d e t e r m i n e d  t h e  t h r e e  d imens iona l  powder s i z e  and t h e  c o n v e n t i o n a l  
s i e v e  t e c h n i q u e  measured t h e  p a r t i c l e  s i ze  i n  two d imens ions .  These a n a l y s e s  
i n d i c a t e d  t h a t  t h e  powders were g e n e r a l l y  l e s s  t h a n  44 m i c r o n s  w i t h  t h e  
e x c e p t i o n  o f  coarse  AMS 7879 wh ich  was i n t e n t i o n a l l y  chosen t o  e v a l u a t e  t h e  
e f f e c t  o f  l a r g e  powder s i z e  on c o a t i n g  m i c r o s t r u c t u r e .  
80 
c 
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F i g u r e  5 P a r t i c l e  S i z e  D i s t r i b u t i o n s  o f  Plasma Spray Powders 
( 4 )  S u r f a c e  P r e p a r a t i o n  
Plasma s p r a y  c o a t i n g s  t y p i c a l l y  r e q u i r e  a p r e - c o a t i n g  s u r f a c e  p r e p a r a t i o n  t o  
i n s u r e  adequate c o a t i n g / s u b s t r a t e  bond s t r e n g t h .  Three d i f f e r e n t  a b r a s i v e  
b l a s t i n g  media s i z e s ,  60, 90 and 240 g r i t ,  were examined t o  compare t h e  
r e l a t i v e  amount o f  aluminum o x i d e  g r i t  entrapment and s u b s t r a t e  s u r f a c e  
roughen ing .  These roughened c o n d i t i o n s  were a l s o  compared t o  t h e  a s - r e c e i v e d  
s u r f a c e  c o n d i t i o n .  
( 5 )  S u b s t r a t e  C o a t i n g  Temperature 
The e f f e c t  o f  s u b s t r a t e  t e m p e r a t u r e  on c o a t i n g  q u a l i t y  was determ 
p r e h e a t i n g  t h e  s u b s t r a t e  w i t h  t h e  plasma g u n .  A p r e h e a t  c o n d i t i o n  
(1500°F) was s e l e c t e d .  No p r e h e a t i n g  r e s u l t e d  i n  a s u b s t r a t e  c o a t  
t e m p e r a t u r e  o f  a p p r o x i m a t e l y  205°C ( 4 0 0 ° F ) .  
L 1 3  
( 6 )  Post C o a t i n g  Heat  Trea tment  
Subsequent t o  c o a t i n g  d e p o s i t i o n ,  p lasma c o a t e d  specimens were s u b j e c t e d  t o  
t h e  f o l l o w i n g  t h e r m a l  exposures to  a u s t e n i t i z e  and temper AMS 5616 and t o  
s o l u t i o n ,  s t a b i l i z e ,  and p r e c i p i t a t i o n  h e a t  t r e a t  I n c o l o y  901. 
AMS 5616 980°C (18OO0F)/1/2 h o u r s  + 565°C (105OoF)/2 h o u r s  
I n c o l o y  901: 1095°C (200O0F>/2hours + 790°C ( 1 4 5 0 ° F > / 4  h o u r s  + 
730°C (135OoF)/24 h o u r s  
( 7 )  Plasma Coat ing  A n a l y s i s  
M e t a l l o g r a p h i c  e x a m i n a t i o n  o f  c o a t e d  specimens u s i n g  P r a t t  and Whi tney  and 
Metco processes r e v e a l e d  t h a t  s e v e r a l  of t h e  c o a t i n g  parameters  had a 
s i g n i f i c a n t  e f f e c t  on  c o a t i n g  m i c r o s t r u c t u r e .  S p e c i f i c a l l y ,  t h e  m a j o r  
d i f f e r e n c e s  i n  plasma s p r a y  c o a t i n g  m i c r o s t r u c t u r e  were observed i n  t h e  
c a r b i d e  phase morphology and d i s t r i b u t i o n .  A summary o f  m e t a l l o g r a p h i c  
a n a l y s i s  i s  p r e s e n t e d  below:  
( a )  Vary ing  t h e  s u b s t r a t e  a l l o y  had no  a p p a r e n t  e f f e c t  o n  t h e  
c o a t i n g / s u b s t r a t e  i n t e r f a c e  or c o a t i n g  m i c r o s t r u c t u r e .  
( b )  Vary ing  t h e  t y p e  o f  c o a t i n g  equipment  had s i g n i f i c a n t  e f f e c t s  o n  t h e  
c o a t i n g  m i c r o s t r u c t u r e  o f  plasma sprayed f i n e  88WC-12Co powder .  
Coat ings  a p p l i e d  w i t h  t h e  Gator-Gard and Metco  low p r e s s u r e  chamber 
process were c h a r a c t e r i z e d  by a h i g h  c o n c e n t r a t i o n  and u n i f o r m  . 
d i s t r i b u t i o n  o f  f i n e  c a r b i d e s ,  w h i l e  c o a t i n g s  a p p l i e d  w i t h  an  80  KW 
gun (P&W and L i n d e )  had a n o n u n i f o r m  d i s t r i b u t i o n  o f  d i s c r e t e  
c a r b i d e s .  Use o f  a 35 KW spray  system r e s u l t e d  i n  a c o a t i n g  w i t h  an 
i n t e r m e d i a t e  c o n c e n t r a t i o n  of .  d e s c r e t e  c a r b i d e  p a r t i c l e s  ( F i g u r e  6 ) .  
The amount o f  d i s c r e t e  c a r b i d e  i s  b e l i e v e d  t o  be r e l a t e d  t o  t h e  
amount o f  thermal  energy  produced i n  t h e  s p r a y  system. H i g h e r  e n e r g y  
systems, i . e .  80 KW, w i l l  p roduce a g r e a t e r  degree of s p l a t  s t r u c t u r e  
and, hence, l e s s  d i s c r e t e  c a r b i d e .  Plasma s p r a y  a p p l i c a t i o n  o f  c o a r s e  
88WC-12Co powder r e s u l t e d  i n  a c o a t i n g  w i t h  a n o n u n i f o r m  d i s t r i b u t i o n  
of d i s c r e t e  c a r b i d e s .  
( c )  Vary ing  t h e  plasma s p r a y  powder c o m p o s i t i o n  r e s u l t e d  i n  d i f f e r e n c e s  
i n  c o a t i n g  m i c r o s t r u c t u r e .  C o a t i n g s  a p p l i e d  w i t h  88WC-12Co powder b y  
P&W w i t h  a 80 KW gun were c h a r a c t e r i z e d  by  a n o n u n i f o r m  d i s t r i b u t i o n  
o f  d i s c r e t e  c a r b i d e s .  A p p l i c a t i o n  o f  83WC-17Co powder b y  Metco  I n c .  
w i t h  a 60 KW gun r e s u l t e d  i n  a c o a t i n g  w i t h  a u n i f o r m  d i s t r i b u t i o n  o f  
d i s c r e t e  c a r b i d e s .  Metco  recommended o p e r a t i n g  t h e  p lasma equipment  
a t  a 60 KW l e v e l  t.o a c h i e v e  a u n i f o r m  c o a t i n g  m i c r o s t r u c t u r e .  
A p p l i c a t i o n  o f  83(W,Ti )C- l7Ni  powder by  P&W w i t h  an 80 KW gun 
r e s u l t e d  i n  a c o a t i n g  w i t h  an i n t e r m e d i a t e  c o n c e n t r a t i o n  o f  d i s c r e t e  
c a r b i d e  p a r t i c l e s  ( F i g u r e  7 ) .  
( d )  V a r i a t i o n s  i n  s u r f a c e  p r e p a r a t i o n  p r o c e d u r e s  r e s u l t e d  i n  no  a p p a r e n t  
d i f f e r e n c e s  i n  t h e  l e v e l  o f  i n t e r f a c i a l  o x i d e s .  However, as expec ted ,  
d i f fe rences  were n o t e d  i n  t h e  s u b s t r a t e  s u r f a c e  roughness .  I n  
descending o r d e r  from r o u g h e s t  t o  smoothest  were s u r f a c e s  p r e p a r e d  by 
( a )  60 g r i t  A1203 @ 40 p s i ,  ( b )  90 g r i t  A 1 2 0 3  @ 40 p s i ,  ( c )  
240 g r i t  A l z O ,  @ 60 p s i ,  ( d )  n o  s u r f a c e  p r e p a r a t i o n  ( F i g u r e  8). 
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17  
( e )  V a r i a t i o n s  i n  s u b s t r a t e  c o a t i n g  t e m p e r a t u r e  of 205°C (400°F) and 
815°C (1500°F) r e s u l t e d  i n  n o  a p p a r e n t  d i f f e r e n c e s  i n  e i t h e r  c o a t i n g  
m i c r o s t r u c t u r e  o r  i n t e r f a c i a l  o x i d e  c o n t a m i n a t i o n .  
M e t a l l o g r a p h i c  examina t ion  of p lasma sprayed c o a t i n g  p r o c e s s  parameters  shown 
i n  F i g u r e  2 r e v e a l e d  t h e  f o l l o w i n g :  
a )  
b )  
D e t o n a t i o n  Gun a p p l i c a t i o n  of 83(W,Ti )C- l7Ni  powder b y  t h e  L i n d e  
D i v i s i o n  o f  Un ion  C a r b i d e  C o r p o r a t i o n  r e s u l t e d  i n  a c o a t i n g  w i t h  n o  
apparent  d i s c r e t e  c a r b i d e s ,  whereas, t h e  9OWC-1OCo powder r e s u l t e d  i n  
a c o a t i n g  c o n t a i n i n g  a low c o n c e n t r a t i o n  o f  d i s c r e t e  c a r b i d e s  ( F i g u r e  
9 ) .  
Coa t ing  a p p l i c a t i o n  b y  Metco I n c .  of 83WC-17Co powder was p e r f o r m e d  
under t h r e e  c o n d i t i o n s :  ( a )  22 KW, ( b )  60 KW and ( c )  low p r e s s u r e  
chamber sp ray  system. C o a t i n g s  a p p l i e d  w i t h  t h e  22 KW gun ( s t a n d a r d  
parameters f o r  t h e  a p p l i c a t i o n  o f  Metco 7 3 F  c o a t i n g )  had a v a r i e d  
d i s t r i b u t i o n  o f  l a r g e  d i s c r e t e  c a r b i d e s .  C o a t i n g s  a p p l i e d  w i t h  60 KW 
and low p r e s s u r e  chamber sp ray  p rocesses  had s i m i l a r  m i c r o s t r u c t u r e s  
and c o n t a i n e d  a u n i f o r m  d i s t r i b u t i o n  o f  s m a l l e r  c a r b i d e s  ( F i g u r e  10). 
This m i c r o s t r u c t u r e  was s i m i l a r  to  t h a t  produced b y  t h e  Gator-Gard 
process . 
( 6 )  E r o s i o n  Sc reen ing  Tes t  o f  Plasma Spray C o a t i n g s  
A c c o r d i n g  t o  t h e  work p l a n ,  c o a t i n g  systems were t o  be s e l e c t e d  fo r  f u r t h e r  
e v a l u a t i o n  i n  Task I11 based on  t h e  a f o r e m e n t i o n e d  m e t a l l o g r a p h i c  e x a m i n a t i o n .  
However, s ince  t h e  examinat ions  p r o v i d e d  n o  c l e a r  i n d i c a t i o n s  as t o  w h i c h  
c o a t i n g  systems would p r o v i d e  improved e r o s i o n  r e s i s t a n c e ,  a l i m i t e d  
l a b o r a t o r y  e r o s i o n  t e s t  program was conducted u s i n g  S . S .  Wh i te  A i r b r a s i v e  t e s t  
equipment t o  de te rm ine  t h e  e f f e c t  o f  c o a t i n g  m i c r o s t r u c t u r e  o n  e r o s i o n  
per formance.  Th is  t e s t  equipment  wh ich  i s  d e s c r i b d  i n  more d e t a i l  i n  S e c t i o n  
111.5 a c c e l e r a t e s  a smal l  mass o f  a b r a s i v e  p a r t i c l e s  a t  h i g h  v e l o c i t y  onto a 
f i x e d  t e s t  specimen. The a b r a s i v e  powder i s  p l a c e d  i n  a p r e s s u r i z e d  hopper  
which i s  connected t o  a s o l e n o i d  a c t u a t e d  v i b r a t i n g  u n i t .  Powder from t h e  
hopper f a l l s  i n t o  an a i r  s t ream wh ich  c a r r i e s  t h e  p a r t i c l e s  t h r o u g h  a n o z z l e  
t o  t h e  specimen. E r o s i o n  r e s i s t a n c e  was d e t e r m i n e d  by  specimen w e i g h t  and 
volume change as a f u n c t i o n  o f  e r o s i o n  t i m e  and b y  t h e  t i m e  r e q u i r e d  t o  e r o d e  
th rough  25 microns ( 1  m i l )  o f  c o a t i n g .  
T e s t i n g  o f  coated AMS 4928 t e s t  p a n e l s  was per formed a t  room t e m p e r a t u r e ,  w i t h  
t h e  p a n e l s  i n c l i n e d  a t  a 20" impingement a n g l e .  Aluminum o x i d e  ( A l z 0 3 > ,  
nominal  27 m ic ron  ( 1 . 1  m i l )  p a r t i c l e  s i z e ,  was used as t h e  e r o s i v e  medium and 
w e i g h t  l o s s  was measured a f t e r  each n i n e  second t e s t  i n t e r v a l .  A d d i t i o n a l l y ,  
t h e  t i m e  t o  p e n e t r a t e  t h e  c o a t i n g  was n o t e d .  The r e s u l t s  o f  t h e s e  t e s t s  
i n d i c a t e d  t h a t  t h o s e  c o a t i n g s  c o n t a i n i n g  a u n i f o r m  d i s p e r s i o n  of d i s c r e t e  
c a r b i d e s  were most r e s i s t a . n t  t o  e r o s i o n .  
S i m i l a r  e r o s i o n  t e s t s  were per fo rmed t o  d e t e r m i n e  t h e  e f f e c t  of p r e - c o a t  
s u r f a c e  p r e p a r a t i o n  and p o s t - c o a t  h e a t  t r e a t m e n t  o n  e r o s i o n  r e s i s t a n c e .  
R e s u l t s  i n d i c a t e d  t h a t  t hese  p rocess  v a r i a t i o n s  had no  s i g n i f i c a n t  e f f e c t  on  
c o a t i n g  e r o s i o n  r e s i s t a n c e .  
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NONUNIFORM CARBIDES UNIFORM CARBIDES 
F i g u r e  10 M i c r o s t r u c t u r e  o f  83WC-17Co Powder Plasma Sprayed by  Metco I n c .  
U s i n g  22 KW ( l e f t )  and 60 KW ( r i g h t )  Spray C o n d i t i o n s  
( C )  D i f f u s i o n  Coat ings  on AMS 5616 AND I n c o l o y  901 
( 1  1 S u b s t r a t e  Composi t ions 
Compos i t ions  o f  t h e  two a l l o y s  i n v e s t i g a t e d  a r e  p r e s e n t e d  i n  S e c t i o n  I I . A . 2 .  
( 2  1 Pack Compos i t i  o n  
Two b a s i c  c o a t i n g  systems were e v a l u a t e d ;  ( 1 )  Cr+B and ( 2 )  T i + B .  These 
c o a t i n g s  were a p p l i e d  i n  two s t e p  processes :  i n i t i a l  f o r m a t i o n  o f  a chromium 
or t i t a n i u m  r i c h  l a y e r  f o l l o w e d  by  d i f f u s i n g  b o r o n  i n t o  t h e s e  l a y e r s .  
Compos i t ions  o f  t h e  t h r e e  pack mixes ,  on  a w e i g h t  p e r c e n t  b a s i s ,  were as 
fo l lows:  
Chromize: A120,-50Cr-5NH4C1 
T i  t a n i z e :  T i 0 2 - 3 0 T i - 1 N H 4 C 1  
B o r o n i z e :  A1,0,-5B-1NH4F.HF 
( 3 )  Pack C o a t i n g  C y c l e  
V a r i o u s  pack c o a t i n g  tempera tures  from 870 - 1040°C (1600 - 1900°F) were 
e v a l u a t e d  t o  determine. t h e i r  e f f e c t  on  c o a t i n g  t h i c k n e s s  and m i c r o s t r u c t u r e s .  
Temperature Time, h o u r s  
Chromi ze : 900°C (1650°F)  and 1035°C (1900°F) 6,  12, 24 
T i  t a n i z e :  980°C (1800°F)  and 1035°C (1900°F) 6,  10, 16 
Boron i  z e :  870°C (1600°F)  and 925°C (1700°F) 6, 10, 16 
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( 4 )  S u r f a c e  P r e p a r a t i o n  
Pack d i f f u s i o n  c o a t i n g  r e q u i r e d  a p r e - c o a t i n g  s u r f a c e  p r e p a r a t i o n .  Two 
a b r a s i v e  b l a s t i n g  media s i z e s ,  60 and 220 g r i t  A1203, w e r e  examined to  
compare t h e  r e l a t i v e  amount of g r i t  ent rapment  and s u b s t r a t e  s u r f a c e  
r o u g h e n i n g .  
(5) Mask ing  Techniques 
V a r i o u s  mask ing  t e c h n i q u e s  were eva 
p r e v e n t i n g  c o a t i n g  d e p o s i t i o n  on  s e  
be p r o t e c t e d  d u r i n g  p a r t i a l  c o a t i n g  
uated to  d e t e r m i n e  t h e i r  e f f e c t  
ec ted  areas  o f  t h e  s u b s t r a t e  wh 
o f  t h e  a i r f o i l .  
veness i n  
ch  w e r e  t o  
(6) Post C o a t i n g  Heat Treatment  
F o l l o w i n g  c o a t i n g  d e p o s i t i o n ,  specimens were s u b j e c t e d  t o  t h e  f o l l o w i n g  
t h e r m a l  exposures :  
AMS 5616: 980°C (180Oo)F/0 .5  hours + 565°C (105O0F) /2hours  
I n c o l o y  901: 1095°C (200O0F>/2hours + 790°C ( 1 4 5 0 " F > / 4  hours  
+ 730°C ( 1 3 5 0 ° F > / 2 4  hours 
These exposures  a r e  t h e  a u s t e n i t i z e  p l u s  temper c y c l e  f o r  AMS 5616 and t h e  
s o l u t i o n ,  s t a b i l i z a t i o n  and p r e c i p i t a t i o n  c y c l e  f o r  I n c o l o y  901. 
( 7 )  D i f f u s i o n  C o a t i n g  A n a l y s i s  
( a )  C h r o m i z i n g  
C o a t i n g  t r i a l s  per fo rmed o n  AMS 5616 and I n c o l o y  901 produced 
c o a t i n g s  w i t h  t h i c k n e s s  from 5 . 1  t o  2 7 . 9  m i c r o n s  (0 .2  - 1 . 1  m i l s )  as 
shown i n  F i g u r e  1 1 .  
A s i n g l e  phase chromized l a y e r  was formed on b o t h  a l l o y  s u b s t r a t e s .  
The c o a t i n g  wh ich  formed on AMS 5616 was r e l a t i v e l y  u n i f o r m  i n  
t h i c k n e s s ,  had a smooth o u t e r  sur face and c o n t a i n e d  f e w  e n t r a p p e d  
pack  m i x  p a r t i c l e s  ( F i g u r e  1 2 ) .  The c o a t i n g s  on I n c o l o y  901 were 
c h a r a c t e r i z e d  by  a v a r i a b l e  c o a t i n g  t h i c k n e s s ,  rougher  o u t e r  s u r f a c e  
and a g r e a t e r  amount o f  ent rapped pack powder.  I t  i s  suspec ted  t h a t  
h i g h e r  pack tempera tures  tended t o  t r a p  more pack powder i n  t h e  
c o a t i n g  on  I n c o l o y  901 ( F i g u r e  1 3 ) .  
( 1 )  Greek Asco loy  
Examinat ion  o f  o p t i c a l  photomicrographs ,  e l e m e n t a l  c o n c e n t r a t i o n  
p r o f i l e  t r a c e s  and x - r a y  images i n d i c a t e d  two d i s t i n c t  c o a t i n g  
zones.  D i f f e r e n c e s  i n  t h e  C r  c o n t e n t  was t h e  most n o t a b l e  
f e a t u r e  between t h e  two zones, a l t h o u g h  N i  and W g r a d i e n t s  were 
d e t e c t e d .  The maximum Cr c o n t e n t  was 88 w / o  i n  t h e  o u t e r  zone 
and 22 w/o i n  t h e  i n n e r  c o a t i n g  zone. (The nominal  C r  c o n t e n t  o f  
AMS 5616 i s  13 w/o). A r e g i o n  o f  W enr ichment  was p r e s e n t e d  a t  
t h e  o u t e r / i n n e r  c o a t i n g  zone i n t e r f a c e .  P a r t i c l e s  o f  aluminum 
o x i d e  were d e t e c t e d  i n  the c o a t i n g  and a r e  p r o b a b l y  e n t r a p p e d  
pack powders ( F i g u r e  1 4 ) .  
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Figure 12 Coating Microstructures Following Pack Chromizing AMS 5616 at 900°C 
(1650°F>/6 hours (top) and 1040°C (19OO0F)/24 hours (bottom) 
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Figure 13 Coating Microstructures Following Pack Chromizing Incoloy 901 at  
900°C (1 6 5 O 0 F > / 6  hours (top) and 1040°C (19OO0F)/24 hours (bottom) 
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Figure 14 Electron Micrograph Concentration Profile Traces, Elemental X-Ray 
Images and Optical Photomicrograph o f  Chromized AMS 5616 Coating 
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( 2 )  I n c o l o y  901 
The chromium c o n t e n t  ranged from a maximum o f  92 w/o near  t h e  
sur face to  a minimum of 72 w/o a t  t h e  c o a t i n g i s u b s t r a t e  
i n t e r f a c e .  P a r t i c l e s  i d e n t i f i e d  as aluminum o x i d e  and a t i t a n i u m  
e n r i c h e d  phase were p r e s e n t  i n  t h e  c o a t i n g .  F i g u r e  1 5  p r e s e n t s  
c o n c e n t r a t i o n  p r o f i l e  t r a c e s  as w e l l  as e l e m e n t a l  x - r a y  images 
of the c o a t i n g .  (The t i t a n i u m  s p i k e  i n  t h e  c o n c e n t r a t i o n  p r o f i l e  
t r a c e  i s  due t o  a p a r t i c l e  r a t h e r  t h a n  a z o n e . )  
( b )  T i t a n i z i n q  
C o a t i n g  t r a i l s  were per fo rmed on AMS 5616 and I n c o l o y  901 s u b s t r a t e s  
a t  980°C (1800°F) and 1040°C (1900°F)  f o r  6 ,  10 and 16 h o u r s .  A 
s i n g l e  phase c o a t i n g ,  2 . 5  t o  5 .1  m i c r o n s  (0.1 - 0.2 m i l s )  i n  
t h i c k n e s s ,  was formed on AMS 5616 ( F i g u r e  1 6 ) .  I t  was conc luded t h a t  
t h e  t i m e  and t e m p e r a t u r e  s e l e c t i o n s  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  
c o a t i n g  t h i c k n e s s .  
The t i t a n i z e d  c o a t i n g  on I n c o l o y  901 c o n s i s t e d  of a t  l e a s t  two 
phases w i t h i n  two zones ( F i g u r e  17 ) .  One o f  t h e  phases was l a r g e r  
and more a c i c u l a r  i n  t h e  i n n e r  c o a t i n g  zone t h a n  i n  t h e  o u t e r  zone. 
The t h i c k n e s s  o f  t h e  i n n e r  zone was s l i g h t l y  g r e a t e r  t h a n  t h a t  o f  
t h e  o u t e r  zone. T o t a l  c o a t i n g  t h i c k n e s s  v a r i e d  from 33 t o  46 m i c r o n s  
( 1 . 3  - 1.8 m i l s )  a t  980°C (1800°F) and 46 t o  5 3  m i c r o n s  ( 1 . 8  - 2 . 1  
m i l s )  a t  1040°C (1900°F) .  
( 1 )  Greek A s c o l o y  
Th is  c o a t i n g  c o n t a i n e d  a maximum o f  70 w/o t i t a n i u m .  A s l i g h t  
amount o f  s u b s t r a t e  e lement  d i f f u s i o n  i n t o  t h e  c o a t i n g  was 
d e t e c t e d .  Aluminum o x i d e  p a r t i c l e s  were d e t e c t e d  a t  t h e  
c o a t i n g / s u b s t r a t e  i n t e r f a c e .  F i g u r e  18 p r e s e n t s  c o n c e n t r a t i o n  
p r o f i l e  t r a c e s  as w e l l  as e l e m e n t a l  x - r a y  images. 
( 2 )  I n c o l o y  901 
A complex c o a t i n g  was formed w i t h  an i n n e r  and o u t e r  c o a t i n g  
zone, b o t h  o f  wh ich  c o n t a i n e d  t i t a n i u m  r i c h  phases ( F i g u r e s  19 
and 2 0 ) .  S p e c i f i c  f e a t u r e s  o f  t h e  c o a t i n g  a r e :  
o A 1-2 m i c r o n  ( 0 . 4  - 0.8 m i l s )  t i t a n i u m  r i c h  l a y e r  a t  t h e  
c o a t i n g  s u r f a c e  
o A t  l e a s t  two d i s t i n c t  t y p e s  o f  t i t a n i u m  r i c h  p a r t i c  
t h e  o u t e r  c o a t i n g  zone 
o A t  l e a s t  two d i s t i n c t  t y p e s  o f  t i t a n i u m  r i c h  phases 
outer c o a t i n g  zone 
o A t  l e a s t  two d i f f e r e n t  d i s t i n c t  t y p e s  of t i t a n i u m  r 
phases i n  t h e  i n n e r  c o a t i n g  zone 
o A h i g h e r  t i t a n i u m  c o n t e n t  i n  t h e  o u t e r  c o a t i n g  zone 
t h e  i n n e r  c o a t i n g  zone. 
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Figure 15 Electron Micrograph Concentration Profile Traces, Elemental X-Ray 
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AMS 5616 
Figure 16 C o a t i n g  M i c r o s t r u c t u r e s  Following Pack Titanizing AM'S 5616 at 980°C 
(1830°F) /S hour: ( t o p )  and  1040°C (19OO0F)/24 hours (bottom) 
E t c h :  V i l l e l a ' s  
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Figure 17 Coating Microstructures Following Pack Titanizing Incoloy 901 at 
980°C (18OO0F>/6 hours (top) and 1040°C (19OO0F)/24 hours (bottom) 
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Figure 18 Electron Micrograph Concentration Profile Traces, Elemental X-Ray 
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Figure 19 Electron Micrograph Concentration Profile Traces, Elemental X-Ray 
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( c )  B o r o n i z i n q  
Based o n  t h e  c o a t i n g  m i c r o s t r u c t u r e  and t h i c k n e s s  o b t a i n e d  i n  t h e  
pack c h r o m i z i n g  and t i t a n i z i n g  t r i a l s ,  a 1040°C ( 1 9 O O 0 F ) / 6  hours  
c y c l e  was chosen for p r o c e s s i n g  b o t h  c o a t i n g s  on Greek Ascoloy and 
I n c o l o y  901 a l l o y s  p r i o r  t o  b o r o n i z i n g .  B o r o n i z i n g  t r i a l s  were 
conducted a t  870°C (1600°F) and 925°C (1700°F).  A m e t a l l o g r a p h i c  
e x a m i n a t i o n  of these specimens was t h e n  made wh ich  p r o v i d e d  t h e  
f o l l o w i n g  r e s u l t s :  
( 1 )  Greek Asco loy  
o Boron d i f f u s i o n  depths w i t h  chromized G r e e k  A s c o l o y  ranged 
from 2 .5  t o  13 microns (0.1 t o  0.5 m i l s )  fo r  b o r o n i z i n q  
c y c l e s  of 870°C (16OO0F)/6 hours  











and 925°C ( 1700°F) / 1 6 -  
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TIME, HOURS 
F i g u r e  21 Mean Depth  o f  Boron D i f f u s i o n  I n t o  Chromized AMS 5616 
o Whi le  t h e  i n i t i a l  chromized l a y e r  was s i n g l e  phase, t h e  Cr+B 
c o a t i n g  on  Greek Ascoloy c o n s i s t e d  of two d i s t i n c t  zones 
( F i g u r e  2 2 ) .  The two zone f o r m a t i o n  was a t t r i b u t e d  t o  a 
c o n t i n u e d  inward  d i f f u s i o n  of chromium from t h e  chromium 
e n r i c h e d  s u r f a c e .  The d e p t h  of boron d i f f u s i o n  d i d  n o t  
exceed t h e  t h i c k n e s s  of t h e  o u t e r  chromize  zones on any o f  
t h e  t r i a l s .  
o W i t h i n  t h e  i n n e r  zone, t h e  p r e c i p i t a t i o n  of a t  l e a s t  one 
a d d i t i o n a l  phase was o b s e r v e d .  Heat t r e a t m e n t  i n v e s t i g a t i o n s  
r e v e a l e d  t h a t  t h i s  phase was due t o  t h e  thermal  exposure  
d u r i n g  b o r o n i z e  p r o c e s s i n g  ( F i g u r e  2 3 )  and n o t  t o  boron 
d i f f u s i o n  th roughout  t h e  e n t i r e  chromize  zone. 
L L  
1 0  0 
I 
k 
o The t i t a n i z e  c o a t i n g  o n  Greek A s c o l o y  e x h i b i t e d  no  a p p a r e n t  
changes i n  m i c r o s t r u c t u r e  f o l l o w i n g  b o r o n i z i n g ,  wh ich  i s  










1035°C (19OO"F) /6  HR CHROMIZE 
925OC (1700°F)/10 HR BORONIZE 
F i g u r e  22 M i c r o s t r u c t u r e  of Chromize P l u s  B o r o n i z e  C o a t i n g  on AMS 5616 









1035OC (1900°F)/6 HR CHROMIZE 
925OC (1  700°F)/HR HEAT TREATMENT 
F i g u r e  2 3  M i c r o s t r u c t u r e  o f  Heat T r e a t e d  Chromize C o a t i n g  on AMS 5616  
E tch :  V i  1 l e l a ' s  
40 ORIGINAL PAGE IS 
OE POOR QUALITY 
( 2 )  I n c o l o y  901 
- 
- 
o Boron d i f f u s i o n  depths i n t o  chromized I n c o l o y  901 ranged 
from 5 to 51 mic rons  ( 0 . 2  - 2.0 m i l s )  for b o r o n i z i n g  c y c l e s  
o f  870°C (16OO0F)/6 hours  and 925°C (170OoF>/16 h o u r s ,  
r e s p e c t i v e l y  ( F i g u r e  2 4 ) .  The d e p t h  o f  b o r o n  d i f f u s i o n  d i d  
n o t  exceed t h e  t h i c k n e s s  of t h e  chromize  c o a t i n g  w i t h  t h e  
870°C (160OoF)/6 hours 870°C (160O0F)/10 hours  and 927°C 
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o Boron d i f f u s i o n  depths i n t o  t i t a n i z e d  I n c o l o y  901 ranged 
from 18 t o  51 microns ( 0 . 7  t o  2 . 0  m i l s )  f o r  b o r o n i z i n g  
c y c l e s  o f  870°C (16OO0F)/6 hours  and 925°C (17OO0F)/16 
hours ,  r e s p e c t i v e l y  ( F i g u r e  2 4 ) .  The d e p t h  o f  boron 
d i f f u s i o n  exceeded the t h i c k n e s s  of t h e  t i t a n i z e  c o a t i n g  
w i t h  t h e  927°C (17OO0F)/16 hours  c o a t i n g  c y c l e .  There was no  
p r e f e r e n t i a l  boron  d i f f u s i o n  a l o n g  g r a i n  b o u n d a r i e s .  
0.8 
!2 ' t  
-------- - -Cr+B,1700°F 
w Cr+ B,16OO0F n 
I I I 1 I I 
6 8 1 0  1 2  14  16 18  
TIME, HOURS 
F i g u r e  24  Mean Depth  o f  Boron D i f f u s i o n  I n t o  Chromized AMS 5616 and I n c o l o y  901 
4 1  
F i g u r e  25  M i c r o s t r u c t u r e  o f  I n c o l o y  901 Showing U n i f o r m  Boron D i f f u s i o n  I n t o  
Chromi zed Region 
E t c h :  Aqueous F e r r i c  C h l o r i d e  
( D )  D i f f u s i o n  Coat ing  on  AMS 4928 
( 1 )  C o a t i n g  Composi t ions and Temperatures E v a l u a t e d  
( a )  N i t r i d e  
T i t a n i u m  a l l o y  specimens were s e n t  t o  Q u a l i t y  Heat T r e a t i n g  i n  
Burbank, C a l i f o r n i a  f o r  n i t r i d i n g  u s i n g  a c y a n i d e  s a l t  b a t h  p r o c e s s .  
M e t a l l o g r a p h i c  e x a m i n a t i o n  o f  processed specimens r e v e a l e d  no  
apparent  n i t r i d e  l a y e r  on t-he t i t a n i u m  a l l o y .  Mic rohardness  
measurements i n d i c a t e d  no measurable i n c r e a s e  i n  a1 l o y  sur face  
hardness w i t h i n  t h e  o u t e r  127 m i c r o n s  ( 5  m i l s ) .  T h e r e f o r e ,  t h i s  
c o a t i n g  was e l i m i n a t e d  from a d d i t i o n a l  e v a l u a t i o n s .  
( b )  CVD TiB,  
A p p l i c a t i o n  o f  chemical  vapor  d e p o s i t e d  (CVD) t i t a n i u m  d i b o r i d e  
( T i B , )  onto.AMS 4928 was per fo rmed by R e f r a c t o r y  Composi tes,  I n c . ,  
Pacoima, C a l i f o r n i a .  I n i t i a l  t e s t  specimens e x h i b i t e d  spa1 l a t i o n  o f  
t h e  T i B z  c o a t i n g .  M e t a l l o g r a p h i c  e x a m i n a t i o n s  r e v e a l e d  a s e v e r e l y  
degraded c o a t i n g / s u b s t r a t e  i n t e r f a c e  wh ich  was deemed t o  be t h e  
cause o f  TiB, s p a l l a t i o n .  Process m o d i f i c a t i o n s  by R e f r a c t o r y  
Composites d i d  n o t  r e s u l t  i n  a c c e p t a b l e  c o a t i n g  adhes ion .  Thus, t h e  
CVD T i B 2  c o a t i n g  was n o t  g i v e n  f u r t h e r  c o n s i d e r a t i o n .  
No temperature v a r i a t i o n s  were p e r f o r m e d  f o r  n i t r i d i n g  or  CVD T i B z  




TASK 111 - LABORATORY EVALUATION OF COATINGS 
1094 (2000)- 
1035 (1900)- 




760 (1 400) 
Based on t h e  m i c r o s t r u c t u r e  a n a l y s i s  and s c r e e n i n g  e r o s i o n  t e s t s  o f  Task 11, 
c o a t i n g  systems were s e l e c t e d  for f u r t h e r  e v a l u a t i o n .  The s e l e c t e d  p lasma 
s p r a y  and pack c o a t i n g  systems and a p p l i c a t i o n  parameters  t h a t  were e v a l u a t e d  




PLASMA SPRAY COATINGS ON AMS 4928, AMS 5616 and INCOLOY 901 
Powder Compos i t ion  
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CONDITIONS 
F i g u r e  26 D i f f u s i o n  C o a t i n g  Parameters 4 3  
I n  a d d i t i o n  t o  these c o a t i n g  systems, f u r t h e r  e f f o r t s  were made t o  a p p l y  a 
TiB, c o a t i n g  o n t o  AMS 4928. Sand ia  N a t i o n a l  L a b o r a t o r i e s  had d i s c l o s e d  t h e  
development  of a CVD TiB, c o a t i n g  a p p l i c a b l e  t o  t i t a n i u m  a l l o y s .  However, we 
c o u l d  n o t  r e a c h  an agreement f o r  them t o  c o a t  specimens f o r  e v a l u a t i o n .  
Another  system, c o m m e r c i a l l y  a v a i l a b l e  and a p p l i c a b l e  t o  s t e e l  and m e t a l  
a l l o y s ,  was t h e  BORAFUSE'" c o a t i n g .  T h i s  c o a t i n g ,  produced b y  t h e  M a t e r i a l s  
Development C o r p . ,  Medford ,  Ma, i s  a p p l i e d  by pack d i f f u s i o n  t e c h n i q u e s  and 
c o n s i s t s  o f  a boron r i c h  l a y e r  a p p l i e d  d i r e c t l y  to  t h e  s u b s t r a t e  a t  a 
t e m p e r a t u r e  o f  1500-1600°F. 
A l l  o f  t h e  c a n d i d a t e  c o a t i n g  systems o n  s t e e l  and n i c k e l  a l l o y s  were compared 
t o  e l e c t r o - d e p o s i t e d  TiB, wh ich  was t h e  b a s e l i n e  system. The TiB, c o a t i n g  
was a p p l i e d  b y  U n i t e d  Techno log ies  Research C e n t e r  from a m o l t e n  s a l t  b a t h .  
L a b o r a t o r y  t e s t s  t o  c h a r a c t e r i z e  t h e  c o a t i n g s  c o n s i s t e d  o f  t h e  f o l l o w i n g :  
1 )  m e t a l l o g r a p h i c  d e t e r m i n a t i o n  of c o a t i n g  mic rohardness  and c o a t i n g  
2 )  room tempera ture  e r o s i o n  t e s t s  
3 )  h i g h  c y c l e  f a t i g u e  t e s t s  
m i c r o s t r u c t u r e  
( A )  C o a t i n g  S t r u c t u r e  and Hardness 
M e t a l l o g r a p h i c  examinat ion  o f  a l l  c o a t i n g  systems e v a l u a t e d  q u a l i t y ,  
morphology,  u n i f o r m i t y  ( w i t h  r e s p e c t  t o  t h i c k n e s s  and phase d i s t r i b u t i o n )  and 
t h e  c o n d i t i o n  o f  t h e  c o a t i n g / s u b s t r a t e  i n t e r f a c e .  The s i m i l a r i t y  o f  t h e  
c o a t i n g  m i c r o s t r u c t u r e s  t o  t h o s e  observed i n  Task I 1  was i n d i c a t i v e  o f  t h e  
r e p e a t a b i l i t y  o f  t h e  c o a t i n g  p r o c e s s .  R e s u l t s  of t h e  m e t a l l o g r a p h i c  a n a l y s e s  
a r e  d i s c u s s e d  below and t y p i c a l  m i c r o s t r u c t u r e s  a r e  shown i n  F i g u r e  27. 
( 1 )  Plasma spray c o a t i n g  m i c r o s t r u c t u r e s  c o n s i s t e d  of e i t h e r  a h i g h  
c o n c e n t r a t i o n  of d i s c r e t e  c a r b i d e s  or a low t o  i n t e r m e d i a t e  
c o n c e n t r a t i o n  o f  d i s c r e t e  c a r b i d e s .  
( 2 )  On I n c o l o y  901, Cr+B and T i + B  d i f f u s i o n  c o a t i n g s  e x h i b i t e d  a two zone 
m i c r o s t r u c t u r e ,  t h e  o u t e r  zone b e i n g  chromium-boron or t i t a n i u m - b o r o n  
r i c h ,  and t h e  i n n e r  zone b e i n g  chromium or t i t a n i u m  r i c h  ( F i g u r e  2 8 ) .  
On AMS 5616, t h e  C r + B  c o a t i n g  was two zone, w h i l e  t h e  T i+B c o a t i n g  was 
a t h i n ,  one zone s t r u c t u r e .  
( 3 )  The Bora fuse  c o a t i n g  on b o t h  AMS 5616 and I n c o l o y  901 s u b s t r a t e s  
e x h i b i t e d  a one zone, s i n g l e  phase m i c r o s t r u c t u r e  ( F i g u r e  2 9 ) .  
Coat  
r e s u  
4 4  
4 )  The e l e c t r o - d e p o s i t e d  Ti6,  c o a t i n g  e x h i b i t e d  a s i n g l e  zone co lumnar 
s t r u c t u r e  t y p i c a l  o f  e l e c t r o d e p o s i t e d  c o a t i n g s  ( F i g u r e  30) .  
ng microhardness was measured u s i n g  a L e i t z  mic rohardness  u n i t .  The 
t s  a r e  summarized i n  Tables I11 and I V .  
High concentration 
of discrete carbides 
Low concentration 
of discrete carbides 
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F i g u r e  29  Borafuse Coa i ng Appl i e d  to AMS 5 Incoloy 901 
ORIGINAL PAGE IS 
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TiB2 
COATING 
Figure 30 Electrodeposited T i B ,  on Incoloy 901 
TABLE 111 
HARDNESS OF PLASMA S P R A Y  COATINGS 
Powder Compost ion  Coat ing Exuipment Mlcrohardness Range ( V i c k e r s )  
980-1230 88WC- 1 ~ C O  80 KW . 
88WC- 1 ZCO 3 5  KW 870-1170 
88WC- 1 ~ C O  Gator-Gard 950-1220 
83WC- 17Co 60 KW 1190-1270 
9owc- 1 OCO Detonat ion Gun 1010-1 170 
Low Pressure Chamber 990- 1 150 88WC- 12CO 
83WC-17Co Low Pressure Chamber 1 1  IO-1290 
TABLE I V  
HARDNESS OF D I F F U S I O N  AND ELECTRO-DEPOSITED COATINGS 
ON AMS 5616 AND INCOLQY 901 
Coat ing Type 
D i  f f u s  ion 
Cr+B 
chromize l aye r  
chromize-boronize l aye r  
C r + B  
chromize l aye r  
chromize-boronize l aye r  
T i + B  
t i t a n i z e  l aye r  
t i t a n i z e - b o r o n i z e  l aye r  
Boraf  u s e 
Bora f u s e 
E lect ro-deposi ted 
T i B 2  
T i B ,  
Substrate Microhardness Range (V icke rs )  









AMS 5 6 1 6  1400 
Incoloy 901 1400 
AMS 5616 1400 
Incoloy 901 1400 
4 7 
. ( B )  E r o s i o n  Res is tance 
E r o s i o n  t e s t i n g  o f  c o a t e d  t e s t  p a n e l s  was performed u s i n g  an S . S .  Whi te  
A i r b r a s i v e  U n i t  ( F i g u r e  3 1 ) .  T e s t i n g  was per fo rmed a t  t h r e e  a b r a s i v e  
impingement ang les ;  20, 45 and 90 degrees .  Two t e s t s  were p e r f o r m e d  p e r  
c o a t i n g  p e r  a l l o y .  E v a l u a t i o n  o f  t h e  t e s t  d a t a  r e v e a l e d  t h e  f o l l o w i n g :  
( 1 )  Plasma spray c o a t i n g  m i c r o s t r u c t u r e s  c h a r a c t e r i z e d  by h i g h  
c o n c e n t r a t i o n s  o f  d i s c r e t e  c a r b i d e s  e x h i b i t e d  s u p e r i o r  e r o s i o n  
r e s i s t a n c e  compared t o  those w i t h  low d i s c r e t e  c a r b i d e  c o n c e n t r a t i o n s  
( F i g u r e s  32 - 3 4 ) .  C o a t i n g s  wh ich  c o n t a i n e d  a h i g h  c o n c e n t r a t i o n  o f  
d i s c r e t e  c a r b i d e s  improved e r o s i o n  r e s i s t a n c e  a t  a 20" impingement  
a n g l e  b y  2.5-3X compared t o  t h e  uncoated  c o n d i t i o n .  A t  t h e  90" 
impingement a n g l e ,  a l l  p lasma a p p l i e d  c o a t i n g s  e x h i b i t e d  l i t t l e  
improvement r e l a t i v e  t o  t h e  uncoated  b a s e l i n e .  
(2) C r + B  d i f f u s i o n  c o a t i n g s  on  I n c o l o y  901 e x h i b i t e d  an improvement o f  
a p p r o x i m a t e l y  1 5 X  a t  a 20" impingement a n g l e ,  as compared t o  t h e  
uncoated  c o n d i t i o n .  The Borafuse c o a t i n g  e x h i b i t e d  an improvement o f  
a p p r o x i m a t e l y  1.5X w h i l e  t h e  T i+B c o a t i n g  showed no improvement i n  
e r o s i o n  r e s i s t a n c e .  E r o s i o n  a t  a 90" impingement a n g l e  r e s u l t e d  i n  a 
12X improvement f o r  C r + B  and no improvement w i t h  t h e  T i + B  and B o r a f u s e  
c o a t i n g s .  
a p p r o x i m a t e l y  4.5X a t  a 20" impingement a n g l e ,  as  compared t o  t h e  
uncoated  c o n d i t i o n .  Bora fuse  coated  specimens e x h i b i t e d  an improvement 
o f  a p p r o x i m a t e l y  1 . 5 X .  Specimens coated  w i t h  T i + B  showed n o  improvement 
i n  e r o s i o n  r e s i s t a n c e .  A t  go" ,  a 2.3X improvement was n o t e d  f o r  C r + B  
and no improvement for  t h e  T i + B  and Bora fuse  c o a t i n g s .  
( 3 )  Cr+B d i f f u s i o n  c o a t i n g s  on AMS 5616 e x h i b i t e d  an improvement o f  
( 4 )  E l e c t r o - d e p o s i t e d  T i B ,  was t h e  most e r o s i o n  r e s i s t a n t  c o a t i n g  on b o t h  
AMS 5616 and I n c o l o y  901 a l l o y s  ( F i g u r e  3 5 ) .  The T i B ,  c o a t i n g  
e x h i b i t e d  min ima l  w e i g h t  and volume l o s s e s  t h r o u g h o u t  t h e  d u r a t i o n  of 
t h e  t e s t s .  T h i s  e r o s i o n  b e h a v i o r  was e x h i b i t e d  a t  a l l  t h r e e  a b r a s i v e  
impingement a n g l e s .  A s  was p r e v i o u s l y  n o t e d ,  e l e c t r o - d e p o s i t e d  T i B ,  
was i n c l u d e d  f o r  b a s e l i n e  comparisons o n l y .  Prev ious  f i e l d  s e r v i c e  
e v a l u a t i o n s  o n  compressor a i r f o i l s  per fo rmed by P r a t t  & Whi tney  
r e v e a l e d  t h a t  e l e c t r o - d e p o s i t e d  T i B ,  e x p e r i e n c e d  s i g n i f i c a n t  c h i p p i n g  
on a i r f o i l  l e a d i n g  edges which d i s r u p t s  l a m i n a r  a i r f l o w .  
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Figure 35 Coating Erosion Resistance o n  AMS 5616 a t  a 20" Impingement Angle 
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( C )  H i g h  C y c l e  F a t i g u e  
The f o l l o w i n g  c o a t i n g  systems, i n  a d d i t i o n  t o  b a s e l i n e  uncoated  specimens, 
were e v a l u a t e d  i n  h i g h  c y c l e  f a t i g u e  t e s t i n g :  




I n c o l o y  901 
I n c o l o y  901 




I n c o l o y  901 
Uncoated 
Gator-Gard a p p l i e d  88WC-12Co powder 
Low pressure  chamber sprayed 88WC-12Co powder 
Uncoated 
Cr+B d i f f u s i o n  c o a t i n g  
T i + B  d i f f u s i o n  c o a t i n g  
Gator-Gard a p p l i e d  88WC-!2Co powder 
Uncoated 
Cr+B d i f f u s i o n  c o a t i n g  
Gator-Gard a p p l i e d  88WC-12Co powder 
D u r i n g  Task 111, h i g h  c y c l e  f a t i g u e  t e s t i n g  o f  f i v e  c o a t i n g s  and a b a s e l i n e  
uncoated  a l l o y  was per fo rmed t o  more c l e a r l y  d e f i n e  t h e  b e h a v i o r  o f  c a n d i d a t e  
c o a t i n g s .  These HCF t e s t s  u t i l i z e d  a t a p e r e d  Krouse specimen ( F i g u r e  36) wh ich  
was c o a t e d  o n  t h e  e n t i r e  gage s e c t i o n  s u r f a c e .  T e s t s  w e r e  conducted a t  room 
t e m p e r a t u r e  u s i n g  a f requency of 30 Hz.  The r e q u i r e d  specimen d e f l e c t i o n  was 
a p p l i e d  u s i n g  an a d j u s t a b l e  e c c e n t r i c  p i n  connected  t o  t h e  l o a d i n g  arm. Data  
from HCF t e s t s  a r e  shown i n  F i g u r e  37 and i n d i c a t e d  t h e  f o l l o w i n g :  
1 )  S i g n i f i c a n t  HCF s t r e n g t h  r e d u c t i o n s  and d i f f e r e n c e s  were observed for  
p lasma s p r a y  c o a t i n g s  o n  AMS 4928 a l t h o u g h  t h e  same 88WC-12Co powder 
l o t  was sprayed by b o t h  vendors and t h e  c o a t i n g s  w e r e  s i m i l a r  i n  
m i c r o s t r u c t u r e  and mic rohardness .  
2 )  AMS 5616 a l s o  e x h i b i t e d  reduced HCF s t r e n g t h  fo r  t h e  c o a t i n g s  
e v a l u a t e d .  
3 )  I n c o l o y  901 e x h i b i t e d  a lower t h a n  expec ted  b a s e l i n e  HCF s t r e n g t h  
P o s t  t e s t  m e t a l l o g r a p h y  r e v e a l e d  t h e  base a l l o y  t o  be o f  t y p i c a l  
m i c r o s t r u c t u r e  and mic rohardness .  A l l  c o a t e d  specimens showed 
s t r e n g t h s  h i g h e r  t h a n  t h e  b a s e l i n e .  
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F i g u r e  36 Tapered Krouse Hjgh C y c l e  F a t i g u e  T e s t  Specimen 
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Based on  t h e  r e s u l t s  of t h e  e r o s i o n  and h i g h  c y c l e  f a t i g u e  t e s t s ,  and 
m e t a l l o g r a p h i c  e x a m i n a t i o n s  of t h e  c o a t i n g / s u b s t r a t e  c o m b i n a t i o n s ,  t h e  
f o l l o w i n g  systems were s e l e c t e d  for Task V and Task V I  i n v e s t i g a t i o n s .  
( a )  C o a t i n g s  a p p l  
( 1 )  88WC-12co 
( 2 )  83WC-17C0 
( b )  C o a t i n g s  a p p l  
( 1  1 83WC-17C0 
ed t o  AMS 4928 
powder, a p p l i e d  by t h e  Gator-Gard p 
powder, a p p l i e d  by t h e  60 KW plasma 
ed t o  AMS 5616 
powder 
( 2 )  Chromium-boron d 
chromize  c y c l e  p 
( c )  C o a t i n g s  a p p l i e d  t o  
( 1 )  83WC-17Co powder 
( 2 )  88WC-12Co powder 
plasma spray  sys 
a p p l i e d  by t h e  60 KW plasma 
f f u s i o n  c o a t i n g  
us 925"C( 1700" F 
n c o l o y  901 
a p p l i e d  by t h e  
a p p l i e d  by t h e  
em 
asma s p r a y  s y s t e m  
spray  s y s t e m  
s p r a y  s y s t e m  
a p p l i e d  by  a 1O35"C(190O0F>/6 h r  
/10 h r  b o r o n i z e  c y c l e  
60 KW plasma s p r a y  s y s t e m  
low p r e s s u r e  'chamber s p r a y  (LPCS) 
( 3 )  9OWC-1OCo powder, a p p l i e d  by t h e  L i n d e  D-Gun spray  system 
(4) Chromium-boron d i f f u s i o n  c o a t i n g ,  a p p l i e d  by  a 1035"C(19OO0F)/6 h r  
chromize  c y c l e  p l u s  87O"C(160O0F)/6 h r  b o r o n i z e  c y c l e  
The plasma c o a t i n g s ,  w i t h  t h e  e x c e p t i o n  o f  t h e  D-Gun a p p l i e d  9OWC-1OCo powder, 
have m i c r o s t r u c t u r e s  which a r e  c h a r a c t e r i z e d  by a h i g h  c o n c e n t r a t i o n  o f  
d i s c r e t e  c a r b i d e s .  T h i s  t y p e  of  s t r u c t u r e  was found t o  p r o v i d e  t h e  most 
e r o s i o n  r e s i s t a n c e .  The D-Gun a p p l i e d  c o a t i n g  i s  c o m m e r c i a l l y  a v a i l a b l e  and i s  
p r e s e n t l y  used on  a number of a i r c r a f t  eng ine  components as a wear r e s i s t a n t  
h a r d f a c e  c o a t i n g ,  e .g .  on  fan b l a d e  midspan shrouds.  Thus, i t  was i n c l u d e d  f o r  
component e v a l u a t i o n s .  The d i f f u s i o n  c o a t i n g  c y c l e s  s e l e c t e d  r e p r e s e n t  c o a t i n g  
systems w h i c h  p r o v i d e d  maximum e r o s i o n  r e s i s t a n c e  w i t h  t h e  most cost  e f f e c t i v e  
c o a t i n g  c y c l e .  
TASK I V  - D E S I G N  ANALYSIS AND COMPONENT/COATING SYSTEMS SELECTION 
( A )  Systems S e l e c t i o n  
Compressor b l a d e  d e s i g n s  were e v a l u a t e d  to  s e l e c t  t h e  s p e c i f i c  b l a d e  s tages  t o  
d e m o n s t r a t e  t h e  e f f e c t i v e n e s s  of t h e  erosion r e s i s t a n t  c o a t i n g s .  The s e l e c t i o n  
was based o n  an a n a l y t i c a l  a i r f o i l  e v a l u a t i o n  for  ( 1 )  c r i t i c a l  v i b r a t i o n  modes 
and n o d a l s  d u r i n g  e n g i n 2  o p e r a t i o n ,  ( 2 )  e f f e c t s  of c o a t i n g s  on  a i r f o i l  f a t i g u e  
s t r e n g t h ,  and 3) b l a d e  areas  most prone to  e r o s i o n  b l a d e  d e s i g n s  were s e l e c t e d  
from c u r r e n t  JT8D and JT9D e n g i n e  models and i n c l u d e d  two c o n f i g u r a t i o n s  each 
of s t e e l ,  n i c k e l  and t i t a n i u m  based a l l o y s  ( A M S  5616, I n c o l o y  901, and AMS 
4928, r e s p e c t i v e l y ) .  
S i x  a i r f o i l  s t a g e s  were s e l e c t e d  a f t e r  an a n a l y t i c a l  e v a l u a t i o n  o f  t h e  
v i b r a t i o n  h i s t o r y ,  v i b r a t i o n  modes and s t r e s s  d i s t r i b u t i o n s  o f  a l l  JT8D and 
JT9D h i g h  p r e s s u r e  compressor s t a g e s .  These e v a l u a t i o n s  coup led  w i t h  h i g h  
c y c l e  f a t i g u e  t e s t  d a t a  o f  uncoated  a i r f o i l s  d e f i n e d  t h e  a i r f o i l  s u r f a c e  t o  be 
c o a t e d  i n  o r d e r  t o  p r o v i d e  t h e  d e s i r e d  e r o s i o n  r e s i s t a n c e  t o  t h e  b l a d e  w i t h o u t  
compromis ing  component mechan ica l  p r o p e r t i e s .  The a i r f o i l  s tages  and c o a t i n g  
systems a r e  l i s t e d  i n  Tab le  V .  
53 
TABLE V 
AIRFOIL STAGES AND COATING SYSTEMS 
Ai rfoi 1 
Substrate Coating System Enqine/Rotor Stage 
AMS 4928 (a) 83WC-17Co powder JT9D/7 
60 KW plasma system JT8D/8 
(b) 88WC-12Co powder JT9D/7 
Gator-Gard plasma JT8D/8 
sys tern 
AMS 5616 a) 83WC-17Co powder JT8D/ 10 
JT8DI 12 
(b) Cr + B JT8D/10 
Pack diffusion JT8DI 12 
system 
60 KW plasma system 
Incoloy 901 (a) 83WC-17Co powder JT9D/ 14 
60 KW plasma system JT9D/ 15 
(b) 88WC-12Co powder JT9D/ 14 
Low pressure JT9D/ 15 
plasma system 
( c ) 9owc- 1 OCO JT9D/ 14 
D-Gun system JT9D/ 15 
(d) Cr+B JT9DI 14 
Pack diffusion JT9D/ 15 
sys tern 



















Application of the erosion resistant coating was to be made to the outer 50% 
of the airfoil based upon the following: 
1 )  Engine service history that indicated significant airfoil erosion 
occurred at the outer 50%-of the airfoil. 
2 )  The analytical evaluations of airfoil vibration and stress 
distributions indicated that at least the outer 50% of the blade span 
could be coated vJithout compromising blade high cycle fatigue strength 
(Figure 38). 
3 )  Standarized coating coverage to the outer 50% of each airfoil would 
simplify coating processing and minimize any possible application 
errors. 
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F i g u r e  38 A i r f o i l  C o a t i n g  Coverage as Determined by an A n a l y t i c a l  E v a l u a t i o n  
o f  A i r f o i l  V i b r a t i o n  and S t r e s s  C h a r a c t e r i s t i c s  
I TASK V AIRFOIL COATING O P T I M I Z A T I O N  
I 
I C o a t i n g s  were a p p l i e d  t o  t h e  s i x  compressor b l a d e  s t a g e s  s e l e c t e d  i n  Task I V .  
The c o a t i n g  a p p l i c a t i o n  processes  were o p t i m i z e d .  Post c o a t  AMS 4928, AMS 5616 
I and I n c o l o y  901 f i n i s h i n g  t e c h n i q u e s  were employed t o  produce c o a t i n g s  w i t h  a 
I 20-30AA s u r f a c e  f i n i s h .  Measurements o f  the s u r f a c e  f i n i s h  were made a t  
s e l e c t e d  a i r f o i l  l o c a t i o n s  t o  a s c e r t a i n  the u n i f o r m i t y  o f  t h e  f i n i s h i n g  
process .  M e t a l l o g r a p h i c  e x a m i n a t i o n  was per fo rmed t o  nieasure t h e  e x t e n t  o f  
c o a t i n g  r e m o v a l .  
( A >  C o a t i n g  A p p l i c a t i o n  
I 
I Plasma s p r a y  c o a t i n g s  were a p p l i e d  t o  the convex and ccncave a i r f o i l  s u r f a c e s  
t o  a t a r g e t  t h i c k n e s s  o f  25 t o  64 microns ( 1 - 2 . 5  m i l s ) .  The c o a t i n g s  w e r e  
f e a t h e r e d  o u t  w i t h i n  2 . 5  mm ( 0 . 1 " )  o f  the 50% span l o c a t i o n .  A meta l  shadow 
a n d / o r  tape mask was used t o  p r e v e n t  c o a t i n g  a p p l i c a t i o n  o n t o  t h e  lower r e g i o n  
o f  t h e  b l a d e .  The s e l e c t i o n  o f  t h e  p a r t i c u l a r  t y p e  o f  mask was l e f t  t o  t h e  
d i s c r e t i o n  o f  t h e  vendor ;  a l l  masks appeared a c c e p t a b l e .  Masking t h e  lower 
p o r t i o n  o f  t h e  a i r f o i l s  b e i n g  c o a t e d  w i t h  t h e  Cr+B systems r e q u i r e d  a 
d i f f e r e n t  t y p e  o f  masking system, i . e . ,  one t h a t  c o u l d  w i t h s t a n d  t h e  1035°C 
(19OO0F>/6 h r  chromize c y c l e  and t h e  870-925°C (1600-17OO0F>/6-10 h r  b o r o n i z e  
c y c l e .  I n v e s t i g a t i o n s  were conducted u s i n g  v a r i o u s  t y p e s  o f  c o m m e r c i a l l y  
a v a i l a b l e  masking systems, e . g .  M 1  and M 7 ,  manufactured by A l l o y  S u r f a c e s  Co., 
as w e l l  as t h i n  meta l  f o i l s ,  such as n i c k e l .  M e t a l l o g r a p h i c  e x a m i n a t i o n  o f  
C r + B  coated  specimens wh ich  were masked by t h e s e  systems r e v e a l e d  t h a t  o n l y  
n i c k e l  f o i l  was s u c c e s s f u l  i n  p r e v e n t i n g  d e p o s i t i o n  o f  chromium or b o r o n .  
However, use o f  n i c k e l  f o i l  d u r i n g  t h e  chromize c y c l e  r e s u l t e d  i n  l o c a l i z e d  
d i f f u s i o n  bond ing  o f  t h e  f o i l  t o  t h e  a i r f o i l  s u r f a c e  w i t h  u n d e s i r a b l e  
d e g r a d a t i o n  o f  t h e  s u b s t r a t e  m a t e r i a l  i n  t h e  a f f e c t e d  zones.  Bonding o f  t h e  
mask t o  t h e  s u b s t r a t e  d i d  n o t  o c c u r  d u r i n g  t h e  b o r o n i z e  p r o c e s s .  A p p l i c a t i o n  
o f  a p a r t i n g  agent  t o  t h e  s u b s t r a t e  beneath t h e  n i c k e l  f o i l  r e s u l t e d  i n  
reduced i n s t a n c e s  o f  bond ing  o f  t h e  mask t o  t h e  a i r f o i l .  
1 
I 
5 5  
Due t o  t h e  i n a b i l i t y  t o  d e f i n e  an a c c e p t a b l e  masking s y s t e m  f o r  use d u r i n g  t h e  
chromize c y c l e ,  as w e l l  as t h e  d e s i r e  t o  i n c r e a s e  t h e  c o r r o s i o n  r e s i s t a n c e  o f  
t h e  s t e e l  compressor b l a d e s ,  t h e  e n t i r e  AMS 5616 a i r f o i l  s u r f a c e  was 
chromized.  Dur ing  t h e  b o r o n i z e  c y c l e ,  t h e  n i c k e l  f o i l  mask was a p p l i e d  to 
p r e v e n t  t h e  f o r m a t i o n  of Cr+B c o a t i n g  on t h e  h i g h  s t r e s s  r e g i o n s  of t h e  
a i r f o i  1 .  
( 6 )  C o a t i n g  Thickness 
M e t a l l o g r a p h i c  s e c t i o n s  were made a t  t h r e e  l o c a t i o n s  on a t  l e a s t  one b l a d e  o f  
each c o a t i n g  system o f  each ro to r  s t a g e .  E x a m i n a t i o n  of t h e s e  s e c t i o n s  
i n d i c a t e d  t h a t  t h e  c o a t i n g  m i c r o s t r u c t u r e s  were s i m i l a r  t o  t h o s e  o b s e r v e d  i n  
Task 111. The Gator-Gard, 60 KW and low p r e s s u r e  chamber sprayed c o a t i n g s  were 
c h a r a c t e r i z e d  by a h i g h  c o n c e n t r a t i o n  of s m a l l  d i s c r e t e  c a r b i d e s ,  w h i l e  t h e  
D-Gun a p p l i e d  c o a t i n g s  had a non-uni form d i s t r i b u t i o n  o f  c o a r s e  d i s c r e t e  
c a r b i d e s .  The Cr+B c o a t i n g s  on b o t h  AMS 5616 and I N  901 were c h a r a c t e r i z e d  b y  
two l a y e r s :  a Cr+B r i c h  o u t e r  l a y e r  and a C r  r i c h  i n n e r  l a y e r .  E x a m i n a t i o n  o f  
t h e  c o a t i n g s  t o  d e t e r m i n e  t h i c k n e s s  d i s t r i b u t i o n  and u n i f o r m i t y  i n d i c a t e d  t h a t  
t h e  plasma c o a t i n g  vendors w e r e  g e n e r a l l y  a b l e  t o  m a i n t a i n  t h e  t a r g e t  25 - 64 
m i c r o n  ( 1  - 2 . 5  m i l )  c o a t i n g  t h i c k n e s s  ( F i g u r e  391, w i t h  t h e  e x c e p t i o n  b e i n g  
t h e  JT9D 1 5 t h  s tage b l a d e s  coated  by Metco w i t h  t h e  60 KW system w h i c h  
e x h i b i t e d  s i g n i f i c a n t  v a r i a t i o n s  from t h e  t a r g e t  t h i c k n e s s .  The p lasma s p r a y  
process  w i t h  the g r e a t e s t  degree of c o a t i n g  u n i f o r m i t y  was t h e  Gator-Gard 
c o a t i n g  process ,  f o l l o w e d  by t h e  D-Gun, 60 KW and low p r e s s u r e  chamber s p r a y  
p r o c e s s e s .  
The pack d i f f u s i o n  Cr+B system was s u p e r i o r  t o  t h e  plasma s p r a y  c o a t i n g s  i n  
m a i n t a i n i n g  c o a t i n g  t h i c k n e s s  u n i f o r m i t y ,  a l t h o u g h  t h e  p r o c e s s  was n o t  c a p a b l e  
o f  m e e t i n g  t h e  minimum t a r g e t  t h i c k n e s s  o f  25 m i c r o n s  ( 1  m i l ) .  
( C )  S u r f a c e  F i n i s h  
Aerodynamic a n a l y t i c a l  e v a l u a t i o n s  have i n d i c a t e d  t h a t  a h i g h  p r e s s u r e  
compressor a i r f o i l  s u r f a c e  f i n i s h  of 20-30AA i s  d e s i r e d  i n  o r d e r  t o  m a i n t a i n  
r e q u i r e d  performance l e v e l s  ( F i g u r e  4 0 ) .  T h e r e f o r e ,  s u r f a c e  f i n i s h i n g  e f f o r t s  
were d i r e c t e d  towards d e f i n i n g  p r o c e s s i n g  procedures  t o  produce t h e  d e s i r e d  
degree o f  s u r f a c e  smoothness. A s  t h e  c o a t i n g s ,  by  t h e i r  n a t u r e ,  a r e  h a r d ,  i t  
was a n t i c i p a t e d  t h a t  t e c h n i q u e s  to  improve t h e i r  sur face  f i n i s h  would need to  
be,  by n e c c e s i t y ,  v e r y  a g g r e s s i v e .  Two f i n i s h i n g  t e c h n i q u e s  were e v a l u a t e d ;  1 )  
a b r a s i v e  t u m b l i n g  and 2 )  o v e r c o a t i n g  w i t h  SermeTel W ,  a c o r r o s i o n  r e s i s t a n t  
c o a t i n g  app l  i e d  ' t o  ferroils a1 l o y s  and manufac tured  by  SermeTel , I n c .  S u r f a c e  
t e x t u r e  measurements u s i n g  a 0.010 ' '  c u t o f f ,  and peak counts  a t  50 and 250 
m i c r o i n c h  l e v e l s )  w e r e  made a t  v a r i o u s  a i r f o i l  l o c a t i o n s  w i t h  a Bend ix  
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SURFACE ROUGHNESS - A A  
f i g u r e  40 E f f e c t  of  A i r fo i l  Su r face  Roughness on T y p i c a l  HPC Per formance 
S u r f a c e  f i n i s h i n g  e f f o r t s  c o n c e n t r a t e d  on e v a l u a t i n g  t h e  e f f e c t s  o f  d i f f e r e n t  
t ypes  and s i z e s  of p o l i s h i n g  media and t h e  e f f e c t  o f  p rocess  t i m e .  Tab le  V I  
p r e s e n t s  t h e  p o l i s h i n g  media e v a l u a t e d .  A H a r p e r i z e  mass media p o l i s h i n g  
system, m a n u f a c t u r e d  by t h e  Harper  Co. ,  Eas t  H a r t f o r d ,  C t . ,  was u t i l i z e d  f o r  
t h i s  e v a l u a t i o n .  T h i s  c e n t r i f u g a l  f i n i s h i n g  system i s  commonly used f o r  
mechanica l  d e b u r r i n g  and sur face  f i n i s h i n g  o f  a l l  t ypes  o f  m e t a l l i c  
components. The equipment  c o n s i s t s  of two drums mounted on a t u r r e t  w h i c h  
r o t a t e s  a t  a h i g h  speed i n  one d i r e c t i o n  w h i l e  t h e  drums r o t a t e  more s l o w l y  i n  
t h e  o p p o s i t e  d i r e c t i o n .  P a r t s  a r e  loaded i n t o  t h e  drums a l o n g  w i t h  t h e  
p o l i s h i n g  media,  water  and a l u b r i c a t i n g  compound. I n  t h e  e v a l u a t i o n  
conducted,  t h e  r o t a t i o n  of t h e  t u r r e t  c r e a t e d  a c e n t r i f u g a l  f o r c e  o f  15 g ' s .  
T h i s  f o r c e  compacts t h e  p o l i s h i n g  media i n t o  a t i g h t  mass which then  s l i d e s  
a g a i n s t  t h e  coa ted  a i r f o i l ,  remov ing  roughness and p r o d u c i n g  a smooth s u r f a c e  
t e x t u r e .  
TABLE V I  
A B R A S I V E  F I N I S H I N G  M E D I A  EVALUATED ON COATED AIRFOILS 
Des c r  i p t i on Nominal S i z e  
Fused Aluminum Ox ide  
T r i a n g u l a r  Aluminum Ox ide  
T r i a n g u l a r  Shape V i t r i f i e d  
Bonded S i l i c o n  Carb ide  
T r i a n g u l a r  Shape V i t r i f i e d  
Fused Aluminum Ox ide  
T r i a n g u l a r  Shape P l a s t i c  
Bonded Q u a r t z  
fused  Aluminum Ox ide  
Fused Aluminum Ox ide  
A N S I  Mesh S i z e  00 
150 g r i t  
150 g r i t  
32 g r i t  
Mesh 2.05 cm ( 1 3 / 1 6 " )  x 0 .94 cm (3/8"> x 1 .27  c m  
( 1  / 2 " )  
A N S I  Mesh S i z e  10 
A N S I  Mesh S i z e  6 
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POOR QUALITY 
I n  o r d e r  t o  m a i n t a i n  t h e  r e q u i r e d  c o a t i n g  t h i c k n e s s  a t  t h e  a i r f o i l  l e a d i n g  and 
t r a  l i n g  edge surfaces and t h e  a i r f o i l  t i p ,  a masking f i x t u r e  was deve loped t o  
p r o  e c t  t h e  c o a t i n g  on these sur faces  d u r i n g  t h e  f i n i s h i n g  p r o c e s s  ( F i g u r e  
41) C o a t i n g s  on t h e  edges and c o r n e r s  a r e  more prone t o  m a t e r i a l  removal  t h a n  
t h e  c o a t i n g  on  f l a t  p o r t i o n s  of t h e  a i r f o i l  s u r f a c e .  Thus, t h e  mask ing  f i x t u r e  
was des igned t o  l i m i t  l e a d i n g  and t r a i l i n g  edge wear and p e r m i t  t h e  c o a t i n g  on 
t h e  a i r f o i l  t o  be exposed t o  t h e  p o l i s h i n g  a c t i o n  o f  t h e  a b r a s i v e  f i n i s h i n g  
process .  A d d i t i o n a l l y ,  t h e  f i x t u r e  p r e v e n t e d  removal  o f  m a t e r i a l  on t h e  l o a d  
b e a r i n g  root  sur faces.  
F i g u r e  41 F i x t u r e  t o  L i m i t  Media Wear a t  Lead ing  and T r a i l i n g  Edges 
Sur face  f i n i s h i n g  e v a l u a t i o n s  were conducted on Gator-Gard and Cr+B c o a t i n g s  
as r e p r e s e n t a t i v e  o f  t h e  plasma and pack c o a t i n g s ,  r e s p e c t i v e l y .  F i n i s h i n g  
e f f o r t s  on t h e  plasma a p p l i e d  c o a t i n g  i n d i c a t e d  t h a t  r e g a r d l e s s  o f  t h e  
p o l i s h i n g  media used, t h e r e  was a s i g n i f i c a n t  decrease i n  c o a t i n g  s u r f a c e  
roughness d u r i n g  t h e  f i r s t  30 m i n u t e s  o f  t h e  p r o c e s s .  A d d i t i o n a l  decreases i n  
roughness proceeded a t  a much s l o w e r  r a t e  and, i n  most cases,  r e d u c t i o n  to  t h e  
20-30AA requ i rement  was n o t  a c h i e v e d .  
I t  was de termined t h a t  media s i z e  p l a y e d  an i m p o r t a n t  r o l e  i n  t h e  f i n i s h i n g  
p r o c e s s .  Since improvement i n  s u r f a c e  t e x t u r e  i s  a t t r i b u t e d  to  m a t e r i a l  
removal  caused by a b r a s i v e  wear,  and wear r a t e s  a r e  a f u n c t i o n  o f  a p p l i e d  
f o r c e ,  g r e a t e r  wear o f  t h e  c o a t i n g  and t h e r e f o r e  g r e a t e r  r e d u c t i o n  i n  s u r f a c e  
roughness can be ach ieved by u t i . l i z i n g  p o l i s h i n g  p r o c e d u r e s  wh ich  a p p l y  h i g h e r  
f o r c e s  t o  t h e  c o a t i n g .  A t  a g i v e n  f o r c e ,  a more mass ive  p o l i s h i n g  media 
r e s u l t e d  i n  g r e a t e r  s u r f a c e  smooth ing t h a n  a s m a l l e r  p o l i s h i n g  media.  D a t a  
o b t a i n e d  on  two d i f f e r e n t  p o l i s h i n g  media shapes showed d i f f e r e n t  e f f e c t s  on 
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F i g u r e  42 S u r f a c e  Tex tu re  as a Func t i on  o f  P o l i s h i n g  Media and Process T i m e .  
L e f t ,  random shaped A1,03 c h i p .  R i g h t ,  t r i a n g u l a r  shaped 
A 1 2 0 3  c h i p .  
These t e s t s  showed t h a t  t h e  v i t r i f i e d  fused aluminum o x i d e  p o l i s h i n g  c h i p  
produced t h e  r e q u i r e d  20-30AA sur face roughness on t h e  plasma sprayed c o a t i n g .  
The H a r p e r i z e  process ,  used f o r  a l l  p o l i s h i n g  media e x p e r i m e n t s ,  c o n s i s t e d  o f  
60 m i n u t e s  of t u m b l i n g  a t  15 g ' s .  Sur face t e x t u r e  measurements t a k e n  a t  f i v e  
l o c a t i o n s  on convex and concave surfaces o f  Gator-Gard coated  a i r f o i l s  
s u b j e c t e d  t o  t h i s  process a r e  shown i n  F i g u r e  43.  The media f i n i s h i n g  
o p e r a t i o n  r e s u l t e d  i n  t h e  removal  o f  c o a t i n g  s u r f a c e  a s p e r i t i e s  w i t h  o n l y  
s c r a t c h e s ,  remnants of  t h e  a g g r e s s i v e  HarpeF ize  t r e a t m e n t ,  remai n i  ng ( F i g u r e  
44). 
Sur face  f i n i s h i n g  i n v e s t i g a t i o n s  of 'C r+B coa ted  I n c o l o y  901 r e v e a l e d  t h a t  the  
20-30AA s u r f a c e  t e x t u r e  ( F i g u r e  45 
t r e a t m e n t  c o n s i s t i n g  o f  30 m i n u t e s  
fused  aluminum o x i d e  c h i p .  
M e t a l l o g r a p h i c  e x a m i n a t i o n  o f  b o t h  
c o a t i n g s  on a i r f o i l s  a f t e r  s u r f a c e  
t h a t  t h e  c o a t i n g  t h i c k n e s s  was s t i  
was a c h i e v e d  by  u s i n g  a H a r p e r i z e  
a f o r c e  of  1 5  g ' s  and a randon shaped 
plasma sprayed and d i f f u s i o n  app l  l e d  
f i n i s h i n g  t o  t h e  20-30AA l e v e l  i n d i c a t e d  
1 w i t h i n  t h e  d e s i r e d  range.  
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Figure 43 Surface Texture Measurements on Plasma Coated and Media Finished 
JT9D 15th Stage Airfoils. Airfoil schematic indicates measurement 
locations. 
Figure 44 Scanning Electron Microscope (SEM) Showing Coating Surfaces 
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F i g u r e  45 S u r f a c e  Tex tu re  Measurements on C r + B  D i f f u s i o n  Coated and Media 
F i  n i  shed JT9D 1 5 t h  Stage A i  r f o i  1 5 . .  A i  r f o i  1 schemat ic  i n d i  c a t e s  
measurement l o c a t i o n s .  
Fe r rous  m a t e r i a l s ,  such as AMs 5616, are used for compressor a i r f o i l s  and a r e  
s u s c e p t i b l e  to  c o r r o s i o n  d e g r a d a t i o n  i n  t h e  eng ine  e n v i r o n m e n t .  Thus, f e r r o u s  
a l l o y s  r e q u i r e  t h e  use of a c o r r o s i o n  r e s i s t a n t  c o a t i n g .  SermeTel W i s  a 
c o a t i n g  composed of  aluminum p a r t i c l e s  d i s p e r s e d  i n  an i n o r g a n i c  b i n d e r  and i s  
used i n  t h e  a i r c r a f t  i n d u s t r y  to p reven t  c o r r o s i o n  d e g r a d a t i o n  o f  f e r r o u s  
a l l o y s .  Plasma coated  a i r f o i l s  were submi t ted  t o  SermeTel I n c .  t o  e v a l u a t e  
t h e i r  a b i l i t y  t o  a p p l y  SermeTel W over  t h e  e r o s i o n  r e s i s t a n t  c o a t i n g  and 
t h e r e b y  produce a 20-30AA s u r f a c e  f i n i s h .  SermeTel I n c .  u t i l i z e d  two 
p r o p r i e t a r y  p rocesses  i n  t h i s  e v a l u a t i o n ,  SermeTel 5375 and SermeTel 5380. 
Su r face  t e x t u r e  measurements of t h e  SermeTel p rocessed a i r f o i l s  i n d i c a t e d  t h a t  
t h e  SermeTel 5380 p r o v i d e d  t h e  20-30AA f i n i s h  ( F i g u r e  4 6 ) .  M e t a l l o g r a p h i c  
e x a m i n a t i o n  o f  t h e  SermeTel 5380 c o a t i n g  o v e r  t h e  plasma a p p l i e d  c o a t i n g  
i n d i c a t e d  t h e  S e r m e T e l  W c o a t i n g  t o  be t y p i c a l l y  25 m i c r o n s  ( 1  m i l )  i n  
t h i c k n e s s .  SermeTel c o a t i n g s  were a p p l i e d  t o  t h e  e n t i r e  a i r f o i l  to  p r o v i d e  
t o t a l  c o r r o s i o n  p r o t e c t i o n .  
TASK V I  COMPONENT FABRICATION AND TEST 
The coated  a i r f o i l s  were s u b j e c t e d  t o  r i g  e r o s i o n  t e s t i n g  a t  t e m p e r a t u r e s  and 
e r o s i v e  p a r t i c l e  v e l o c i t i e s  wh ich  were b e l i e v e d  t o  approx imate  t h e  l e v e l s  
encountered  d u r i n g  eng ine  o p e r a t i o n .  Volume and cho rd  l o s s e s  were measured as 
a f u n c t i o n  o f  t e s t  t i m e ,  and a i r f o i l  p r o f i l e s  w e r e  made b e f o r e  and a f t e r  
e r o s i o n  t e s t i n g  to  p r e c i s e l y  l o c a t e  those areas  b e i n g  eroded and t h e  e x t e n t  t o  
which t h e y  were eroded.  H igh  c y c l e  f a t i g u e  t e s t i n g  was a l s o  conducted  and t h e  
coated  a i r f o i l  f a t i g u e  s t r e n g t h  was compared t o  t h e  uncoated  f a t i g u e  s t r e n g t h .  
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F i g u r e  46 Sur face  Tex ture  Measurements on Plasma Sprayed CoaL?L and SermeTel 
Overcoated JT9D 1 5 t h  Stage A i r f o i l s .  A i r f o i l  schemat ic  i n d i c a t e s  
measurement l o c a t i o n s .  
( A )  H i g h  Temperature E r o s i o n  T e s t i n g  
E r o s i o n  t e s t i n g  was per fo rmed i n  a h i g h  v e l o c i t y  b u r n e r  r i g  wh ich  i n j e c t e d  
a l u m i n a  p a r t i c l e s ,  A 1 2 0 3 ,  nominal  20 m i c r o n  (0 .8  m i l )  d i a m e t e r ,  i n t o  t h e  
gas s t ream. The angu lar  shaped a b r a s i v e  powder was i n j e c t e d  i n t o  t h e  b u r n e r ' s  
i n s t r u m e n t  c o l l a r  between t h e  p r i m a r y  and secondary combustors  a t  four 
l o c a t i o n s ,  90" a p a r t .  T r a n s p o r t  o f  a c o n t r o l l e d  amount o f  A1,03 t o  t h e  
i n s t r u m e n t  c o l l a r  was accompl ished u s i n g  a S y l c o  Plasma Spray Powder Feeder 
and argon c a r r i e r  gas. The specimen h o l d e r  was d e s i g n e d  t o  p e r m i t  v a r i a b i l i t y  
i n  a b r a s i v e  impingement a n g l e ,  specimen h e i g h t  i n  t h e  e r o s i v e  s t r e a m  and 
nozz le- to-specimen d i s t a n c e  ( F i g u r e s  47 and 4 8 ) .  
E r o s i o n  t e s t  parameters were chosen t o  s i m u l a t e  e n g i n e  o p e r a t i n g  c o n d i t i o n s ,  
i . e . ,  t e m p e r a t u r e  a i r f o i l / a i r s t r e a m  impingement a n g l e ,  and a i r s t r e a m  v e l o c i t y .  
H igh  amounts o f  A1,03 were i n j e c t e d  i n t o  t h e  gas s t r e a m  t o  a c c e l e r a t e  t h e  
r a t e  o f  chord  loss. I n  a f o u r  hour  t e s t ,  t h e  b l a d e  c h o r d  loss g e n e r a l l y  met or 
exceeded t h e  Engine Overhaul  Manual l i m i t s .  The e r o s i o n  t e s t  parameters  used 
t o  e v a l u a t e  t h e  JT8D e i g h t h  s tage and JT9D seventh  s t a g e  a i r f o i l s  were as 
f o l  lows: 
Parameter 
T e s t  C o n d i t i o n s  
JT8D 8 t h  JT9D 7 t h  
Gas v e l o c i t y  225m/sec (740 f t / s e c )  225m/sec (740 f t / s e c )  
Gas t e m p e r a t u r e  374"C(705"F) 374°C (705°F) 
Nozz le  t o  specimen d i s t a n c e  25 cm (10  i n . )  25 cm (10 i n . )  
A b r a s i v e  powder feed r a t e  5.2 g/min (0.01 l b / m i n )  5.0 g / m i n  (0.01 l b / m i n )  
A i r  a n g l e  34" 32 " 
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F i g u r e  47 E ros ion  Test F a c i l i t y  
(a r row)  
Showing Burner R ig  and A i r f o i l  T e s t  Specimen 
EXIT 
I BURNER I DUCT 
SECONDARY 
SECT I O N  
PRIMARY 
SECTION 














F i g u r e  48 Schematic o f  A i r f o i l  Burner R i g  
AlRFOll  a 
The a i r  a n g l e  i s  d e f i n e d  as t h e  a n g l e  which t h e  a i r  s t ream makes w i th  t h e  d i s k  
face ( F i g u r e  4 9 ) .  A s e c t i o n  o f  compressor d i s k  was u t i l i z e d  as t h e  specimen 
h o l d e r .  D u r i n g  t h e  t e s t ,  w e i g h t ,  volume and c h o r d  loss measurements f o r  t h e  
uncoated  and coated a i r f o i l  were r e c o r d e d  a f t e r  each h o u r  of t e s t .  Volume l o s s  
measurements were made i n  accordance w i t h  ASTM s p e c i f i c a t i o n  C20-80. Chord 
measurements were made u s i n g  a m o d i f i e d  d i a l  gauge wh ich  a l l o w e d  a i r f o i l  c h o r d  
d imens ion  d e t e r m i n a t i o n s  a t  any spanwise l o c a t i o n  ( F i g u r e  50). Uncoated 






F i g u r e  49 Schematic Showing R e l a t i o n s h i p  o f  A i r f o i l  and A i r f low 
F i g u r e  50 Photographs o f  A i r f o i l  Chord Measurement U n i t  
68 
E r o s i o n  d a t a  o b t a i n e d  on plasma coa ted  JT8D 8 t h  s tage  and JT9D 7 t h  s tage  
a i r f o i l s  a r e  p resen ted  i n  F i g u r e s  51 through 54.  There was c o n s i d e r a b l e  
s c a t t e r  observed i n  t h e  JT8D chord  loss measurement a f t e r  t h e  f o u r t h  hour  o f  
t h e  e r o s i o n  t e s t ,  as shown i n  F i g u r e  51. T h i s  s c a t t e r  i s  due t o  t h e  a l l o w a b l e  
b l u e p r i n t  t o l e r a n c e  for t r a i l i n g  edge t h i c k n e s s .  B lades w i t h  t h i n  t r a i l i n g  





F i g u r e  51 Volume Loss Data o f  JT8D 8 t h  Stage A i r fo i l s  
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A f t e r  t h e  f o u r  hour  t e s t ,  a compar ison of uncoated  and c o a t e d  a i r f o i l  d a t a  
i n d i c a t e d  t h e  f o l l o w i n g  improvements i n  e r o s i o n  r e s i s t a n c e :  
Plasma C o a t i n g s  
83WC-17C0, 60 KW 88WC-12C0, Gator-Gard 
Volume loss b a s i s  
JT9D 7 t h  s tage 3.1X 
JT8D 8 t h  s tage a i r f o i l  5.5 
Chord loss b a s i s  
JT9D 7 t h  s tage 
JT8D 8 t h  s tage 
3 .3  
1 .7  
5 .4x  
8 . 6  
4 . 3  
2 . 1  
The observed d i f f e r e n c e s  i n  e r o s i o n  b e h a v i o r  between t h e  uncoated JT8D 8 t h  and 
JT9D 7 t h  s t a g e  a i r f o i l s  were a t t r i b u t e d  to ( 1 )  d i f f e r e n c e s  i n  a i r f o i l  geometry  
(camber and t h i c k n e s s )  and ( 2 )  d i f fe rences  i n  t h e  a i r  a n g l e  ( F i g u r e  5 5 ) .  
A l t h o u g h  t h e  l a t t e r  q u a n t i t y  d i f f e r e d  by o n l y  2 "  ( P =  32" f o r  t h e  JT9D 7 t h  
s t a g e  a i r f o i l  and 34" for t h e  JT8D 8 t h  stage a i r f o i l )  t h e  a i r f o i l  g e o m e t r i e s  
r e s u l t e d  i n  s u b s t a n t i a l l y  d i f f e r e n t  a b r a s i v e  impingement a n g l e s ,  a l o n g  t h e  
concave t r a i l i n g  edge sur faces ,  t h e  r e g i o n  i n  which t h e  m a j o r i t y  o f  t h e  
e r o s i o n  o c c u r r e d  ( F i g u r e  55) ;  t h e  JT9D 7 th  s tage a i r f o i l  a b r a s i v e  impingement 
a n g l e s  were n e a r l y  t w i c e  those o f  the  JT8D 8 t h  s tage a i r f o i l .  
0 = AIR ANGLE 
0 = IMPINGEMENT ANGLE 
JT8D 8TH STAGE 
/.( 3 34 '  
_ _ -  
F i g u r e  55 A i r f o i l  E r o s i o n  Rate i s  Reduced a t  Low Impingement Angles 
I A w e l l  known r e l a t i o n " '  has been developed between e r o s i o n  r a t e  and 
I respond i n  a d u c t i l e  manner o c c u r  a t  a 20-30" impingement a n g l e .  B r i t t l e  t y p e  
I e r o s i o n  i s  c h a r a c t e r i z e d  by a r a t e  wh ich  i n c r e a s e s  w i t h  h i g h e r  impingement  
a b r a s i v e  impingement a n g l e  ( F i g u r e  5 6 ) .  Maximum e r o s i o n  f o r  m a t e r i a l s  wh ich  I 
I 
( 1 )  I .  F i n n i e ,  "An E x p e r i m e n t a l  S tudy  of E r o s i o n " ,  S . E . S . A .  P r o c e e d i n g s ,  Vol. 
X V I I ,  No. 2, p r e s e n t e d  a t  t h e  S p r i n g  M e e t i n g  o f  t h e  S o c i e t y  f o r  
E x p e r i m e n t a l  S t r e s s  A n a l y s i s ,  Washington, D . C . ,  May 1959. 
i 
i 7 1  
a n g l e .  Compressor a i r f o i l  m a t e r i a l s  e x h i b i t  d u c t i l e  t y p e  b e h a v i o r .  A s  can be 
observed,  d u c t i l e  m a t e r i a l s ,  i . e . ,  AMS 4928, were h i g h l y  s e n s i t i v e  t o  s m a l l  
changes i n  a b r a s i v e  impingement a n g l e .  S i n c e  t h e  a b r a s i v e  impingement  a n g l e s  
for  t h e  JT9D 7 t h  and JT8D 8 t h  s t a g e  a i r f o i l s  were l e s s  t h a n  8 c r i t i c a l ,  w h i c h  
was a p p r o x i m a t e l y  30°, s m a l l e r  i n c r e a s e s  i n  t h e  impingement  a n g l e s ,  up t o  e 
c r i t i c a l ,  r e s u l t  i n  g r e a t e r  e r o s i o n  r a t e s .  T h i s  r e l a t i o n  was c o n f i r m e d  b y  t h e  
uncoated f o u r  hour t e s t  d a t a  wh ich  showed t h a t  c h o r d  l o s s  f o r  t h e  7 t h  s t a g e  
a i r f o i l  was 1420 microns ( 5 6  m i l s ) ,  w h i l e  t h e  c o r r e s p o n d i n g  c h o r d  loss o n  t h e  
8 t h  s tage a i r f o i l  was 760 m i c r o n s  ( 3 0  m i l s ) .  Thus t h e  d i f f e r e n c e  i n  e r o s i o n  
r e s i s t a n c e  o n  t h e  two a i r f o i l  s t a g e s  was a t t r i b u t e d  t o  d i f f e r e n c e s  i n  a i r f o i l  
camber. 
0 CRITICAL 
IMPINGEMENT ANGLE. 0 
F i g u r e  56 T y p i c a l  E r o s i o n  B e h a v i o r  o f  M a t e r i a l s  
The e r o s i o n  t e s t  parameters used t o  e v a l u a t e  t h e  JT8D 1 0 t h  and 1 2 t h  s t a g e  
a i  r f o i  1 s w e r e  as f o l  lows : 
Parameter T e s t  C o n d i t i o n s  
JT8D 1 0 t h  JT8D 1 2 t h  
Gas V e l o c i t y  270 m / s e c  ( 8 8 5  f t / s e c >  260 m / s e c  (860 f t / s e c >  
Gas Temperatures 490°C (920°F)  480°C (900°F) 
Nozzle t o  Specimen 20 cm ( 8  i n . )  20 c m  ( 8  i n . )  
A b r a s i v e  Powder Feed 6 . 2  g /min  (0.01 l b / m i n >  6 . 2  g /min  (0.01 l b / m i n )  
D i  s tance 
A i r  Angle 35" 38 o 
A f t e r  4 hours  o f  e r o s i o n  t e s t i n g ,  measurements o f  c o a t e d  and uncoated  JT8D 
1 0 t h  s tage a i r f o i l s  i n d i c a t e d  t h a t  t h e  Metco 60 KW plasma c o a t i n g  p r o v i d e d  
2.8X and 1.3X improvements i n  e r o s i o n  r e s i s t a n c e  based on volume loss and 
chord loss ,  r e s p e c t i v e l y .  For C r + B  coated  JT8D 1 0 t h  s t a g e  a i r f o i l s ,  
s i g n i f i c a n t  d e g r a d a t i o n  o f  t h e  l e a d i n g  and t r a i l i n g  edge sur faces  was f o u n d  
a f t e r  t h e  f o u r  hour e r o s i o n  t e s t .  The Cr+B c o a t i n g  p r o v i d e d  an improvement i n  
e r o s i o n  r e s i s t a n c e  o f  2 . 2 X  on a volume b a s i s .  However, on a c h o r d  loss b a s i s ,  
t h e  C r + B  c o a t i n g  d i d  n o t  show an improvement i n  e r o s i o n  r e s i s t a n c e  compared t o  
t h e  uncoated  c o n d i t i o n  ( F i g u r e s  57 and 5 8 ) .  
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F i g u r e  58 Chord Loss Data  o f  JT8D 1 0 t h  Stage A i r f o i l s  
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Test r e s u l t s  on JT8D 12 th  s tage a i r f o i l s  i n d i c a t e d  t h a t  t h e  uncoated  a i r f o i l  
reached t h e  Overhaul Manual chord  l i m i t  i n  a p p r o x i m a t e l y  3.2 h o u r s .  For t h i s  
s h o r t  t e s t  d u r a t i o n ,  on a volume loss b a s i s ,  t h e  plasma and d i f f u s i o n  a p p l i e d  
c o a t i n g s  p rov ided  e r o s i o n  improvements of 2 .3  and 1.9X, r e s p e c t i v e l y .  On a 
chord loss bas i s ,  the plasma and d i f f u s i o n  a p p l i e d  c o a t i n g s  p r o v i d e d  
improvements of  1.70X and 1.25X, r e s p e c t i v e l y  ( F i g u r e s  59 and 60) .  
Since JT8D a n a l y t i c a l  e v a l u a t i o n s  i n d i c a t e d  t h a t  t h e  l i m i t i n g  c o n d i t i o n s  f o r  
use o f  h i g h  pressure compressor a i r f o i l s  a r e  t r a i l i n g  edge loss and t h e  
a s s o c i a t e d  engine s t a l l  c o n d i t i o n ,  coa ted  1 0 t h  and 1 2 t h  s tage a i r f o i l s  were 
t e s t e d  fo r  pe r iods  l onger  than r e q u i r e d  for t h e  uncoated  b l a d e  to  r e a c h  t h e  
Overhaul Manual minimum chord  l i m i t .  T e s t i n g  of t h e  1 0 t h  s tage  was conducted  
for a t o t a l  o f  s i x  hours ;  a t  t h i s  p o i n t ,  t h e  coa ted  a i r f o i l  had met t h e  OHM 
minimum chord  l i m i t .  The c a l c u l a t e d  e r o s i o n  improvement f a c t o r s ,  compared t o  
the  uncoated  c o n d i t i o n ,  f o r  t h e  60 KW plasma c o a t i n g  were 3.0X and 2.3X on 
volume and chord loss bases, r e s p e c t i v e l y  ( F i g u r e s  61 and 62).  T e s t i n g  a l s o  
i n d i c a t e d  t h a t  t he  uncoated b lade  su f fe red  a c c e l e r a t e d  t r a i l i n g  edge l o s s  
w h i l e  use o f  t h e  plasma c o a t i n g  p r e c l u d e d  t h i s  o c c u r r e n c e  ( F i g u r e  63). T e s t i n g  
o f  JT8D 1 2 t h  stage b lades ,  a l t h o u g h  t e r m i n a t e d  a f t e r  f o u r  hours  o f  t e s t i n g  
revea led  t h e  same t r e n d ,  i . e . ,  r e t e n t i o n  of t h e  b l a d e  t r a i l i n g  edge on c o a t e d  
blades w h i l e  uncoated b lades  exper ienced  a c c e l e r a t e d  t r a i l i n g  edge loss 
( F i g u r e  64 ) .  C a l c u l a t e d  c o a t i n g  improvement f a c t o r s ,  r e l a t i v e  t o  t h e  uncoa ted  
c o n d i t i o n ,  f o r  t h e  1 2 t h  s tage a i r f o i l s  a f t e r  t h e  f o u r  hour  t e s t  a r e  t a b u l a t e d  
below. 
COATING IMPROVEMENT I N  EROSION RESISTANCE 
C o a t i  ng Sys tern Erosion Res is tance  Improvement F a c t o r  
Volume Loss Bas is  Chord Loss B a s i s  
60 KW 83WC-17C0 1.6 2 . 6  
Cr+B 1 .9  2.3 
The t e s t i n g  o f  JT8D and JT9D AMS 4928 a i r f o i l s  i n d i c a t e d  t h e  s i g n i f i c a n t  
e f f e c t  of  geometry on uncoated a i r f o i l  e r o s i o n  b e h a v i o r .  A i r f o i l  geometry 
d i c t a t e s  t h e  impingement a n g l e  a t  wh ich  t h e  A1,0, p a r t i c u l a t e  s t r i k e s  t h e  
a i r f o i l .  The r e l a t i o n s h i p  between p a r t i c u l a t e  impingement a n g l e  and c h o r d  loss 
for uncoated  AMS 5616 a i r f o i l s  i s  s i m i l a r  t o  t h a t  observed for  uncoated  AMS 
4928 a i r f o i l s ,  i . e . ,  h i g h e r  impingement ang les  r e s u l t e d  i n  g r e a t e r  a i r f o i l  
cho rd  loss .  Coated a i r f o i l s  showed l e s s  s e n s i t i v i t y  t o  impingement a n g l e  
changes compared t o  uncoated a i r f o i l s  ( T a b l e  V I I ) .  No comparison between t h e  
d a t a  for  AMS 4928 and AMS 5616 a i r f o i l s  was made due t o  d i f f e r e n t  t e s t  
parameters .  
TABLE V I 1  
EROSION T E S T  DATA SHOWING EFFECT OF IMPINGEMENT 
ANGLE ON A I R F O I L  CHORD LOSS 






A b r a s i v e  Impingement Chord Loss A f t e r  4 H r  T e s t  
Angle mic rons  ( m i l s )  
Engine/ 
Ztage Chord Chord Chord Uncoated Gator-Gard 60 KW 
JT8D/8 8" 10.5" 13 .5 "  815(30)  3 5 5 ( 1 5 )  455(20) 
JT9D17 1 7 . 5 "  23.5' 26.5" 1420(55)  355(15)  430( 1 5 )  
J T 8 D / l O  10.5' 14"  17"  635 (25 )  -- 560(20) 
JT8D/12 14 .5 "  23.5"  26.5 '  1120(45) _- 430( 15)  
Rotor 50% 75% 90% 88WC-12CO 83WC-17C0 
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F i g u r e  62  Chord Loss Data  o f  . JT8D 1 0 t h  Stage A i r f o i l s  
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F i g u r e  63 JT8D 1 0 t h  Stage A i r f o i l s  Uncoated ( l e f t )  and Metco  60 KW Plasma 
Coated 83WC-17Co ( r i g h t )  A f t e r  6 Hours o f  E r o s i o n  T e s t i n g  
CONVEX AIRFOIL 5 mm 
F i g u r e  64 JT8D 1 2 t h  Stage A i r f o i l s  Uncoat 
83NC-17Co Plasma Coated ( r i g h t )  
5 mrn 
.ed ( l e f t )  and Metco  60 KW Coated 
A f t e r  4 Hours o f  Erosion T e s t i n g  
17 
S i x  c o a t i n g  systems were e v a l u a t e d  on  JT9D 1 4 t h  and 1 5 t h  I n c o l o y  901 
a i r f o i l s . T h e  Cr+B pack d i f f u s i o n  c o a t i n g  was a p p l i e d  t o  t h e  e n t i r e  a i r f o i l  and 
root s u r f a c e s ;  t h e  Task I11 HCF d a t a  i n d i c a t e d  no  f a t i g u e  s t r e n g t h  d e b i t  f o r  
I n c o l o y  901 coated w i t h  Cr+B. The e r o s i o n  t e s t  parameters  used t o  e v a l u a t e  t h e  
JT9D 1 4 t h  and 1 5 t h  s tage a i r f o i l s  were as fol lows: 
Parameter 
T e s t  C o n d i t i o n s  
JT9D 1 4 t h  JT9D 1 5 t h  
Gas V e l o c i t y  285 m/sec (935 f t / s e c >  305 d s e c  (990 f t / s e c >  
Gas Temperature 575°C (1065°F)  590°C (1095°F) 
Nozzle t o  Specimen 
A b r a s i v e  Powder Feed Rate 5 . 2  gm/min ( 0 . 0 1  l b / m i n >  5.2 gm/min ( 0 . 0 1  l b / m i n >  
A i r  Angle 32 " 30 " 
D i  s tance 19.5 cm ( 7 . 5  i n . )  20 cm ( 7 . 5  i n . )  
Volume and chord l o s s  measurements of e r o s i o n  t e s t e d  JT9D 1 4 t h  and 1 5 t h  s t a g e  
coated  and uncoated a i r f o i l s  a r e  p r e s e n t e d  i n  F i g u r e s  65-68. These d a t a  r e v e a l e d  
t h e  f o l l o w i n g  improvements i n  e r o s i o n  r e s i s t a n c e  compared to t h e  b a s e l i n e  
uncoated c o n d i t i o n :  
C o a t i n g  System E r o s i o n  R e s i s t a n c e  Improvement F a c t o r  
Volume Loss B a s i s  Chord Loss B a s i s  
JT9D 1 4 t h  JT9D 1 5 t h  JT9D 1 4 t h  JT9D 1 5 t h  
D-Gun 9OWC- 1 OCo 1.7x  1.8X 1.8X 1 . 5 x  
LPCS 88WC- 1 ZCO 5.6 3.3 1.8 1 . 6  
Gator-Gard 88WC-12Co 3.3 2 . 9  2.3 1.6 
60 KW 83WC-17C0 2 . 7  2 . 3  2 .o 1 . 6  
Cr+B 8 . 7  4.3 2.5 2 . 2  
The pack d i f f u s i o n  C r + B  c o a t i n g  a p p l i e d  t o  I n c o l o y  901 a i r f o i l s  p r o v i d e d  
t h e  g r e a t e s t  degree o f  e r o s i o n  r e s i s t a n c e  f o r  b o t h  volume and c h o r d  l o s s .  
These r e s u l t s  a r e  i n  agreement w i t h  t e s t  d a t a  g e n e r a t e d  i n  Task 111. 
A l t h o u g h  t h e  magnitude o f  improvement for t h e  Cr+B c o a t i n g  i s  n o t  
e q u i v a l e n t  t o  t h a t  observed i n  Task I11 e v a l u a t i o n s ,  s i g n i f i c a n t  
d i f f e r e n c e s  e x i s t  between t h e  two t e s t  p r o c e d u r e s  wh ich  account  for t h e  
d i f f e r e n c e .  
(B) Frequency Behav io r  
T e s t s  were a l s o  conducted on JT9D 7 t h  s tage a i r f o i l s  t o  d e t e r m i n e  t h e  
e f f e c t  o f  plasma a p p l i e d  c o a t i n g s  on a i r f o i l  r e s o n a n t  f r e q u e n c y  b e h a v i o r .  
The b l a d e s  w e r e  plasma coated  w i t h  88WC-12Co powder on t h e  o u t e r  50% o f  
t h e  a i r f o i l  surface t o  t h e  t a r g e t  t h i c k n e s s .  Two c o a t i n g  c o n f i g u r a t i o n s  
were t e s t e d ,  ( 1 )  c o a t i n g  a p p l i e d  t o  t h e  concave and convex a i r f o i l  
s u r f a c e s  and ( 2 )  c o a t i n g  a p p l i e d  o n l y  to  t h e  concave a i r f o i l  s u r f a c e .  
S ince  e r o s i o n  t e s t i n g  i n d i c a t e d  t h a t  e r o s i o n  d e g r a d a t i o n  was c o n f i n e d  t o  
t h e  a i r f o i l  l e a d i n g  edge and concave t r a i l i n g  edge s u r f a c e s ,  i t  was 
b e l i e v e d  t h a t  c o n f i g u r a t i o n  ( 2 )  c o u l d  p r o v i d e  t h e  r e q u i r e d  a i r f o i l  e r o s i o n  
p r o t e c t i o n .  Frequency measurements r e v e a l e d  t h a t  t h e r e  was an a p p r o x i m a t e  
9% r e d u c t i o n  i n  f i r s t  mode v i b r a t o r y  f r e q u e n c y  w i t h  c o a t i n g  c o n f i g u r a t i o n  
( 1 )  and an approx imate 5% r e d u c t i o n  w i t h  c o n f i g u r a t i o n  ( 2 ) .  
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Figure 65 Chord Loss of Eroded JT9D 
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Figure 66 Volume Loss of Eroded JT9D 
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The 9% f requency  d e b i t  i s  comparable to t h e  r e d u c t i o n  o b s e r v e d - o n  JT9D 7 t h  
s tage b l a d e s  coated w i t h  Gator-Gard a p p l i e d  88WC-12Co (11%)  and 60 KW 
a p p l i e d  83WC-17Co ( 9 % ) .  Whi le  t h e s e  r e s u l t s  were o b t a i n e d  on  b l a d e s  i n  t h e  
as-coated c o n d i t i o n ,  t h e r e  was l i t t l e  or n o  d i f f e r e n c e  i n  t h e  f r e q u e n c y  
b e h a v i o r  o f  coated b lades  wh ich  were s u r f a c e  t r e a t e d  t o  20-30 A A .  
( C >  H i g h  C y c l e  F a t i g u e  T e s t i n g  
H i g h  c y c l e  f a t i g u e  ( H C F )  t e s t i n g  was per fo rmed t o  d e t e r m i n e  t h e  f a t i g u e  
s t r e n g t h  o f  the  c o a t e d  a i r f o i l  r e l a t i v e  to  t h e  b a s e l i n e  uncoated  
c o n d i t i o n .  A l l  plasma spray  c o a t i n g s  were a p p l i e d  t o  t h e  o u t e r  50% o f  t h e  
convex and concave a i r f o i l  sur faces  t o  t h e  t a r g e t  t h i c k n e s s .  The a i r f o i l s  
were t e s t e d  i n  t h e  as-coated c o n d i t i o n .  
The HCF t e s t s  were per fo rmed a t  room t e m p e r a t u r e .  Each a i r f o i l  was mounted 
i n  a f i x t u r e  a t t a c h e d  t o  an e l e c t r o - d y n a m i c  e x c i t e r .  The a i r f o i l s  w e r e  
e x c i t e d  a t  t h e i r  f i r s t  bend ing  r e s o n a n t  f r e q u e n c i e s  w i t h  s t r a i n  gauges 
a p p l i e d  t o  determine t h e  maximum s t r e s s  l o c a t i o n .  Once t h e  f i r s t  bend 
maximum s t r e s s  p o i n t  was de termined,  a l l  a i r f o i l s  were e x c i t e d  a t  t h e i r  
f i r s t  bend ing  resonant  f r e q u e n c i e s  and d e f l e c t i o n  a m p l i t u d e  was m o n i t o r e d  
and c o n t r o l l e d  t o  m a i n t a i n  a c o n s t a n t  s t r e s s  d u r i n g  t h e  t e s t .  A i r f o i l s  
w e r e  t e s t e d  t o  10’ c y c l e s  or f a i l u r e ,  wh ichever  was a p p l i c a b l e .  
The f a t i g u e  t e s t  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e  6 9 .  JT9D 1 4 t h  and 1 5 t h  
s tage I n c o l o y  901 a i r f o i l s  e x p e r i e n c e d  no o b s e r v a b l e  f a t i g u e  d e b i t .  T h i s  
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Figure  6 9  High C y c l e  F a t i g u e  T e s t  R e s u l t s  o f  Coated A i r f o i l s  
80 
W i t h  r e s p e c t  t o  JT8D 1 0 t h  and 1 2 t h  stage AMS 5616 a i r f o i l s ,  t h e  HCF 
r e s u l t s  were s i m i l a r  for t h e  plasma sprayed 83WC-17Co coated  b lades ,  
showing 13 and 1 1 %  d e b i t s ,  r e s p e c t i v e l y .  Specimen HCF t e s t  r e s u l t s  
g e n e r a t e d  i n  Task I11 for t h e  Gator-Gard plasma sprayed c o a t i n g  i n d i c a t e d  
a s i m i l a r  d e b i t  o f  14%. 
C o a t i n g  performance o n  AMS 4928 depended o n  wh ich  a i r f o i l  was t e s t e d .  The 
83WC-17Co c o a t e d  JT8D a i r f o i l  r e s u l t e d  i n  no  f a t i g u e  d e b i t .  However, JT9D 
a i r f o i l s  w i t h  t h e  same c o a t i n g  p r o v i d e d  a 17% d e b i t .  The Gator-Gard 
c o a t i n g  had a h i g h e r  f a t i g u e  l i f e  d e b i t  on JT8D a i r f o i l s  t h a n  on JT9D 
a i r f o i l s .  
An a n a l y t i c a l  e v a l u a t i o n  of a l l  of the d a t a  r e v e a l e d  t h a t  coa ted  b l a d e s  
had adequate f a t i g u e  s t r e n g t h  for engine t e s t  purposes a l t h o u g h  
s i g n i f i c a n t  d e b i t s  i n  HCF s t r e n g t h  e x i s t e d  f o r  plasma sprayed c o a t i n g s  on  
AMS 4928 b l a d e s .  




Plasma and d i f f u s i o n  c o a t i n g s  and a s s o c i a t e d  a p p l i c a t i o n  processes  were 
i d e n t i f i e d  f o r  the improvement o f  compressor a i r f o i l  e r o s i o n  r e s i s t a n c e .  
o The goa l  o f  a 2 X  improvement i n  e r o s i o n  r e s i s t a n c e  was met b y  p lasma 
sprayed Gator-Gard and Metco 60 KW c o a t i n g s  on  AMS 4928, AMS 5616 
and I n c o l o y  901 s u b s t r a t e s  and b y  t h e  d i f f u s i o n  Cr+B c o a t i n g  on AMS 
5616 and I n c o l o y  901 s u b s t r a t e s .  
o Plasma spray c o a t i n g s  such as Gator-Gard a p p l i e d  88WC-12Co and Metco  
a p p l i e d  83WC-17C0, wh ich  e x h i b i t e d  h i g h  c o n c e n t r a t i o n s  o f  d i s c r e t e  
c a r b i d e  p a r t i c l e s ,  were more e r o s i o n  r e s i s t a n t  t h a n  plasma c o a t i n g s  
w i t h  low c o n c e n t r a t i o n s  o f  d i s c r e t e  c a r b i d e  p a r t i c l e s .  
o Pack d i f f u s i o n  Cr+B c o a t i n g s  wh ich  were deve loped f o r  AMS 5616 and 
I n c o l o y  901 a l l o y  s u b s r a t e s  p r o v i d e d  s u p e r i o r  e r o s i o n  r e s i s t a n c e  t o  
plasma spray c o a t i n g s .  
o E r o s i o n  t e s t i n g  o f  coated  a i r f o i l s  i n d i c a t e d  t h a t  Cr+B c o a t i n g  was 
t h e  most e r o s i o n  r e s i s t a n t  pack c o a t i n g  w h i l e  Gator-Gard a p p l i e d  
88WC-12Co was t h e  most e r o s i o n  r e s i s t a n t  plasma s p r a y  c o a t i n g .  
o H i g h  c y c l e  f a t i g u e  specimen t e s t i n g  r e v e a l e d  s t r e n g t h  r e d u c t i o n s  f o r  
a l l  plasma s p r a y  coated  AMS 4928 a i td  AMS 5616 s u b s t r a t e s .  
o H igh  c y c l e  f a t i g u e  specimen t e s t i n g  o f  C r + B  c o a t e d  I n c o l o y  901 
. r e s u l t e d  i n  a s t r e n g t h  improvement on  I n c o l o y  901 and a s t r e n g t h  
r e d u c t i o n  on AMS 5616. 
o H igh  c y c l e  f a t i g u e  t e s t i n g  o f  c o a t e d  AMS 4928 a i r f o i l s  r e s u l t e d  i n  a 
f a t i g u e  l i f e  d e b i t  which was dependent on  a i r f o i l  c o n f i g u r a t i o n .  On 
AMS 5616, plasma spray  c o a t i n g s  r e s u l t e d  i n  a s t r e n g t h  d e b i t ;  on 
I n c o l o y  901, a l l  c o a t i n g s  t e s t e d  d i d  n o t  a f f e c t  f a t i g u e  s t r e n g t h .  
o A n a l y t i c a l  s t u d i e s  showed t h a t  e r o s i o n  p r o n e  areas  c o u l d  be c o a t e d  
w i t h o u t  a f f e c t i n g  a i r f o i l  f a t i g u e  s t r e n g t h  r e q u i r e m e n t s .  
o A p o l i s h i n g  t e c h n i q u e  was developed wh ich  produced a s u r f a c e  f i n i s h  
of  20-30 AA o n  c o a t e d  a i r f o i l s  wh ich  d i d  n o t  a f f e c t  l e a d i n g  and 
t r a i  1 i ng edge c o a t i n g  t h i c k n e s s .  
o The f o l l o w i n g  a l l o y - c o a t i n g  systems were s e l e c t e d  f o r  e n g i n e  t e s t i n g .  
A 1  l o y  C o a t i  n q  
AMS 4928 Gator-Gard plasma s p r a y  88WC-12Co 
AMS 5616 60 KW plasma s p r a y  83WC-17Co 
I n c o l o y  901 Gator-Gard plasma s p r a y  88WC-12Co 
I n c o l o y  901 Pack d i f f u s i o n  C r + B  
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APPPENGIX A 
TABLE A- I  
OF COARSE AMS 7879 (88WC-12C0) PLASMA SPRAY POWDER 
SIEVE ANALYSIS AND PARTICLE S I Z E  DISTRIBUTION 








S ieve  A n a l y s i s  
Weight % o f  Powder 
M i c r o n  S i z e  R e t a i n e d  
105 0.0 
63 28. a2 
44 5.08 
88 0 .08  
74 3.00 
53 62.95 
-44 0 .68  









Sub-Si eve P a r t  i c l  e D i  s t r  i b u t  i on 






1 . 4  
2 . 8  
1 . 2  
0 .0 
0 .0  
TABLE A-2 
S I E V E  ANALYSIS AND PARTICLE S I Z E  DISTRIBUTION 
OF FINE AMS 7879 (88WC-12C0) PLASMA SPRAY POWDER 
S ieve  A n a l y s i s  








Weight % o f  Powder Weight  % o f  Powder 













0.05 99 .95  
99.60 - 
Sub-Sieve P a r t i c l e  D i s t r i b u t i o n  - 








15 .3  
4 . 2  
38 .5  
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Sieve  D e s i g n a t i o n  
TABLE A-3 
S I E V E  ANALYSIS AND PARTICLE S I Z E  DISTRIBUTION 
OF METCO 73F-NS-1 (83WC-17C0) PLASMA SPRAY POWDER 








Weigh t  % o f  Powder Weight % o f  Powder 










0 .41  99.42 
0.43 98.99 
5.55 93.44 
7.40 86 . O  
86.09 - 
Sub-Sieve P a r t i c l e  D i s t r i b u t i o n  








8 .5  
0 .0 
4 .2  
TABLE A-4 
S I E V E  ANALYSIS AND PARTICLE S I Z E  DISTRIBUTION 
OF UCAR 205 (83Ni - l7W,T i>C> PLASMA SPRAY POWDER 
S i e v e  A n a l y s i s  
Weight % o f  Powder Weigh t  % o f  Powder 

















0 .02  99.98 
0.74 99.24 
0.10 99.14 
0 .50  98.64 
98.10 - 
Sub-Sieve P a r t i c l e  D i s t r i b u t i o n  
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6 Abstract 
The objective o f  the program was to identify and demonstrate the ability of coat- 
ings to provide at least a 2 X  improvement in particulate erosion resistance for 
steel (AMs 5616). nickel (Incoloy 901) and titanium (AMs 4928) compressor airfoils. 
Coating materials evaluated in this program included plasma sprayed cobalt tungster 
carbide, nickel (tungsten, titanium) carbide and diffusion applied chromium plus 
boron. Several processing parameters for plasma spray processing and diffusion 
coatings were evaluated to identify coating systems having the most potential for 
providing airfoil erosion resistance. Based on laboratory results and analytical 
evaluations, selected coating systems were applied to gas turbine blades and eval- 
uated for surface finish, burner rig erosion resistance and effect on high cycle 
fatigue strength. Based on these tests, the following coatings were recommended 
for engine testing: Gator-Gard plasma spray 8BWC-12Co on titanium alloy airfoils, 
plasma spray 83WC-17Co on steel and nickel alloy airfoils, and Cr+B on nickel allo] 
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